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ABSTRACT
INVESTIGATING THE RECOVERY OF PHOSPHATE FROM ANAEROBIC
DIGESTER LIQUOR USING ION EXCHANGE, AND ITS SUBSEQUENT
APPLICATION AS A LIQUID FERTILIZER
by
Whitney Chamberlain
University of New Hampshire, September 2015

Currently, practices of mining phosphate rock are not sustainable and will likely lead to
the depletion of global phosphate reserves in 50-100 years. One potential option to recycle
phosphorus is through ion exchange. In this research, two anion exchange resins were used in jar
tests to adsorb phosphate from anaerobic digester liquor. The loaded resins were then used in
column regeneration experiments in which the phosphate anions were desorbed by a regenerant
solution high in concentrations of chloride, hydroxide, or a combination of the two. The result
was a phosphate solution that could potentially be used as a fertilizer, eliminating the issue of
brine disposal. A life cycle analysis (LCA) was also performed for two local New Hampshire
farms to assess the environmental repercussions of this phosphate recovery process.
The FO36 phosphate selective resin was identified as a potential option for use in ion
exchange due to its advantageous recovery of phosphate. The results of the LCA showed that the
production of potassium hydroxide used for the regenerant had the most significant
environmental impacts. The LCA also indicated that human toxicity and fossil fuel depletion
were the categories of main concern for environmental repercussions.

xvi

If implemented at full scale, this process would have the ability to capture phosphate
before it is released into receiving waters, having the added benefit of preventing eutrophication
of drinking water sources. In addition, this process would enable local farmers to buy less
commercial fertilizers thus minimizing the global impacts from that industry. This system would
be ideal for small communities and small local farms.

xvii

1 INTRODUCTION

The following chapter presents the motivation behind this research and the necessary
background information on phosphorus, phosphorus recovery, and ion exchange. Objectives and
scope are provided to clearly communicate the main goals. The research overview provides a
roadmap of the steps taken to achieve the aforementioned objectives.

1.1 Background on Phosphorus
Phosphorus is a vital element for plants, animals, and humans. The fact that phosphorus
does not have a substitute is a growing concern due to the steadily increasing demand for it and
the continual depletion of the earth’s supply. Phosphorus plays an important role in food
production, most commonly as a component in fertilizer, and is largely mined from phosphate
rock (Cordell et al., 2011).
According to Brunner (2010), roughly 90% of mined phosphate rock is used as
agricultural feed and fertilizers. Phosphate rock is predominantly found in Morocco, accounting
for an estimated 70% of the world’s phosphate rock reserves (Desmidt et al., 2015). Other
countries and regions containing notable stores of phosphate rock include the United States (US),
China, Northern Africa, the Middle East, Brazil, Canada, Russia, and South Africa, but none of
these reserves are comparable to those found in Morocco (Desmidt et al., 2015). The quality of
these phosphate rock reserves is very different depending on whether the phosphate rock is of
sedimentary or igneous origin. Igneous rock reserves are less desirable because the rock is
typically of low quality and the phosphorus is costly to extract, whereas sedimentary rock is of
better quality and is more prevalent. The US, China, Northern Africa, and the Middle East all
1

contain vast quantities of sedimentary rock reserves, while Brazil, Canada, Russia, and South
Africa possess considerable igneous rock reserves (Desmidt et al., 2015).
The fact that phosphate rock reserves are controlled by such a limited number of
countries could pose a problem in the near future. Ashley et al. (2011) observe the fact that a
disproportionate distribution of valuable resources has frequently led to wars and the future of
phosphorus could follow this same track. The large-scale mining of phosphate rock, coupled
with the fact that the resource takes millions of years to form, results in a supply and demand
issue which is one of the leading causes of phosphorus depletion. The threat of losing this
valuable resource makes it important to sustainably recover phosphorus before it becomes
economically unfeasible to do so.
The exact time of the depletion of phosphate rock is based on multiple factors including,
but not limited to, the rate of phosphorus consumption, quality of the mined phosphate rock, new
technologies to recover phosphorus, improved efficiency in mining and processing the
phosphorus, and detection of new phosphate rock reserves (Brunner, 2010). Estimates of
phosphate rock depletion range from 50 to 400 years. Ott and Rechberger (2012) estimate all
high-quality phosphate to be depleted within 50-120 years based on production and reserve data
from 2010, with the understanding that the timeline until depletion could be extended even
longer with the discovery of additional reserves. Desmidt et al. (2015) believe that the phosphate
reserves will be completely spent in 372 years based on existing phosphate rock reserves and
mining rates, but recognize that this will likely be too long due to increases in demand. Cooper et
al. (2011) propose the idea that China and the US, the countries that are responsible for more
than half the world’s phosphate production, will deplete their reserves in 50 to 60 years. Cooper
et al. (2011) also concur with Desmidt et al. (2015) that global phosphate rock reserves are

2

estimated to have roughly 370 years left if production rates do not increase. However, Cooper et
al. (2011) explain that in order for global production rates to be maintained once the reserves in
China and the US run out, it would require a significant increase in production of phosphate rock
in other countries. If Morocco was the only country to increase its phosphate production as a way
to maintain global production rates, this would require an increase in production by a factor of
five from 26 million tons annually to 135 million tons annually (Cooper et al., 2011).

1.2 Recovery of Phosphorus
Closing the loop in the currently unsustainable phosphorus cycle is essential to the
quality of life for future generations. There is not a one-size fits all sustainable solution to this
problem, but instead there are many different phosphorus efficiency, recovery, and reuse
techniques that can be put into action based on the needs of each region (Cordell et al., 2011).
Cordell et al. (2011) proposes an eight step systems framework (Figure 1-1) to facilitate the
decision-making process for the recovery and reuse of phosphorus in a sustainable manner as a
way to prevent expensive, excessive energy-consuming pathways that do not adequately solve
the phosphorus problem. This eight step approach helped guide the research for this paper. The
first step is to “identify key drivers for phosphorus recovery” (Cordell et al., 2011). Another
driver for phosphorus recovery is eutrophication (Ashley et al., 2011). Eutrophication has caused
wastewater treatment plants to remove phosphorus before it enters streams and marine
environments. Phosphorus is viewed as a pollutant to be removed from wastewater and discarded
(de-Bashan & Bashan, 2004). Now that a phosphorus shortage is becoming an impending
dilemma, the mindset has changed from phosphorus representing a pollutant that needs to be
disposed to a highly valuable resource that is desirable for recovery and reuse.

3

Figure 1-1: Integrated Systems Framework to Guide Decision-Making for Sustainable
Phosphorus Recovery and Reuse (Cordell et al., 2011)

The second step in the approach taken by Cordell et al. (2011) is to “define system
boundary.” In the case of this paper, the system boundary is a town with local wastewater
treatment plants that have anaerobic digesters. Anaerobic processes are good for releasing
phosphorus, because phosphorus accumulating organisms use and store soluble organics in the
anaerobic zone. The organisms need energy to use and store the soluble organics, which they get
from cleaving high energy phosphate bonds (Water Environment Federation, 2015). The
cleavage of these bonds releases orthophosphate into the anaerobic digester liquor (ADL). Ion
4

exchange could be incorporated into the treatment processes following anaerobic digestion at
wastewater treatment plants, culminating in the recovery of phosphate from ADL. The resulting
phosphate solution could then be transported to local farms for use as a fertilizer. This process
simultaneously reduces the potential for eutrophication, while capturing phosphate for future use.
The third step in the approach taken by Cordell et al. (2011) is to “quantify phosphorus
available from different sources.” The sources of phosphorus that were investigated prior to the
start of this research included landfill leachate, incineration ash, source separated urine,
wastewater effluent, and ADL. Based on the desire to prevent eutrophication of receiving waters,
the issue of heavy metal contamination in landfill leachate (Li et al., 2009) as well as in
incineration ash (Franz, 2008), and the difficulty of obtaining an adequate supply of source
separated urine, the focus of this paper became the recovery of phosphate from wastewater
treatment plants. One of the favorable locations with high concentrations of nutrients in a
wastewater treatment plant is in anaerobic digesters (Demirer et al., 2013; Water Environment
Federation, 2015) and therefore this was the source location chosen for this study. Additionally,
based on the available resources from a recent graduate student at the University of New
Hampshire (UNH), ion exchange was chosen as the method of phosphate recovery. This leads to
step four of the eight step process by Cordell et al. (2011) to “identify phosphorus recovery
systems and techniques.” Steps five through seven of the integrated systems framework proposed
by Cordell et al. (2011) are examined in Chapters four and five with the exception of the
identification of life cycle economic costs mentioned in step six. An economic analysis was
outside of the scope of this research. Step eight, the identification of “key stakeholders and
institutional arrangements,” was also outside of the project scope (Cordell et al., 2011).
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1.3 Ion Exchange
There are many different treatment methods available to remove dissolved phosphate
from water such as crystallization, coagulation, membrane filtration, and ion exchange. These
technologies all have their advantages and disadvantages; for the purposes of this research only
ion exchange was investigated. Ion exchange is uncomplicated, cost-effective, and produces less
sludge than other phosphorus removal methods (Nur et al., 2014). Small water systems
containing phosphorus may benefit from ion exchange “because of its simplicity, effectiveness,
selective removal in the presence of other ions, easy recovery of P and relatively low cost” (Nur
et al., 2014). Ion exchange is a process that typically uses either cation exchange resins or anion
exchange resins to adsorb positively- or negatively-charged ions, respectively. In the case of
phosphate, a negatively-charged ion, anion exchange resin is used.
In this research, two different anion exchange resins were compared. The first type of
resin is called Lewatit® MonoPlus M 800 resin, which is referred to throughout this paper as “M
resin.” The M resin is made up of a styrene-divinylbenzene copolymer and is loaded with
negatively-charged chloride ions. The second type of resin is called Lewatit® FO 36 resin, which
is referred to throughout this paper as “FO resin.” The FO resin is a polystyrene-based resin that
is porous. Inside these microscopic pores, iron oxides are injected. FO resin is a unique hybrid
resin that selectively adsorbs arsenic, but also has the ability to adsorb silicate, phosphate, and
antimonate. These resins were chosen to compare phosphate adsorption and desorption based on
the fact that one is generic (M resin) and one is phosphate-specific (FO resin).
The ion exchange process occurs for these anionic resins as a result of the loose bond
between the polymer beads and their loaded negative ions, allowing for other negative ions to
take their place. This exchange of negative ions occurs at the time that phosphate is loaded onto
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the resin and again when phosphate is desorbed. Phosphate desorption occurs in a process called
regeneration. In this process, a regenerant solution containing high concentrations of negativelycharged anions such as hydroxides or chlorides is passed through the resin. They knock the
phosphates off the resin due to their high concentration in the regenerant solution, thus the resin
is ready to adsorb more phosphate.

1.4 Objectives and Scope
The main objective of this research was to select, design, and optimize an anion exchange
system for phosphate recovery. Two ion exchange columns comprised the phosphate
regeneration system. The ion exchange system as a whole was optimized by determining the
contact times, mixing speeds, flow rates, and concentrations that allowed for the maximum
amount of phosphate adsorption and desorption using the M and FO resins.
The second objective was to determine the concentration of constituents of concern in the
final phosphate solution with respect to the application of the solution onto farmland. This
objective was met by sending samples to Eastern Analytical, Inc. (EAI) to measure a variety of
constituents, and comparing these results to the regulations enforced by the US Environmental
Protection Agency (EPA) and New Hampshire Department of Environmental Services
(NHDES). A meeting was also held with UNH Cooperative Extension to ensure that regulations
could be met if the resulting phosphate solution was applied to farmland.
The final objective was to conduct a life cycle analysis (LCA) of the resulting fertilizer
solution on local New Hampshire farms. Although both economic and social impact analyses of
this proposed ion exchange and land application combination would be beneficial, they were
beyond the scope of this research due to lack of economic applicability to full scale application
and lack of social impact expertise. SimaPro was the software that was used to perform an
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environmental assessment of the entire phosphate recovery process starting with ion exchange at
a wastewater treatment plant and ending with land application of the final phosphate solution.

1.5 Research Overview
Bench scale experiments were performed for ion exchange in order to meet the research
objectives. Each experiment consisted of jar tests followed by column regeneration with the FO
and M resins. The first set of experiments compared four concentrations of resin for jar testing in
an effort to analyze the phosphate adsorption over time. Once a resin concentration was selected,
it was used for the duration of the experiments. Jar test runs were performed to establish an
adequate contact time for jar tests, and mixing speed was chosen solely based on values found in
literature review. Column regeneration experiments were performed with a total of five
regenerant solutions: sodium chloride, combined sodium chloride and sodium hydroxide, sodium
hydroxide, calcium hydroxide, and potassium hydroxide. The ADL from three wastewater
treatment plants in Maine and New Hampshire were used in this study.
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2 LITERATURE REVIEW

The literature review presented in this chapter serves as a source of background
information on the history of phosphorus, ion exchange processes, land application of fertilizers,
SimaPro LCA software, and the farms that were included in the LCAs. The history of
phosphorus is explained to provide a better understanding of this valuable resource. The
following sections discuss ion exchange principles, ion exchange applications for phosphorus
removal and recovery, land application regulations, uses for SimaPro software, and fertilizer
practices at local New Hampshire farms.

2.1 History of Phosphorus
2.1.1

Discovery of Phosphorus
The first documented discovery of phosphorus was in 1669 by a German alchemist,

Hennig Brandt (Ashley et al., 2011). Brandt was hoping to discover the “Philosopher’s Stone,” a
substance thought to be able to turn metals into gold, through the process of heating and
distilling urine. Instead of finding what he hoped, Brandt discovered phosphorus in its pure form.
In 1680, Robert Boyle refined Brandt’s process and used the phosphorus to make matches
(Rhodes, 2013). The recognition of the presence of calcium phosphate in bones by Gahn and
Scheele in 1769 led to the use of bone ash as the primary source of phosphorus until the 1840s. It
was not until 1850 that phosphorus was first retrieved from phosphate rock (Rhodes, 2013). The
transition of phosphorus use in warfare began around the time of World War I and was used for
smoke screens and tracer bullets and later for Molotov cocktails and bombs in World War II
(Rhodes, 2013).
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One of the qualities that made phosphorus attractive for warfare was its high reactivity.
This reactivity is the reason why phosphorus is not found as a stand-alone element in nature. In
addition to the inability of phosphorus to exist in a free elemental form, it also does not exist in a
gaseous form. Phosphorus does, however, exist in phosphate rock as tri-calcium phosphate or
apatite, and it is this rock that is currently the greatest source of commercially-sold phosphorus.
Phosphate rocks are formed by the burial and concentration of mineral deposits over time that
are rich in phosphorus. These deposits mainly occur in oceanic environments (Childers et al.,
2011). Phosphorus comprises 0.1% of the Earth’s crust by mass and is usually found in a dilute
form (Rhodes, 2013). According to Ashley et al. (2011), it takes 10-15 million years for
phosphate rock to form.
Phosphorus is essential for plants, animals, and humans. In an average human body, there
are 0.7 kg of phosphorus, most found in bones and teeth with the remainder located in tissue and
fluids surrounding cells. The rate at which people typically consume phosphorus in industrial
societies is 2-3 g/d (Rhodes, 2013). Plants also require phosphorus in processes to create seeds
and fruits, and for cell growth. The phosphorus from food comes from the soil which is taken up
by plants and then consumed by animals and humans. Decay of animals and plants returns the
phosphorus back to the soil. One of the main issues with phosphorus, despite its vast quantity in
nature, is that most of the phosphorus exists in forms that cannot be used by plants.
2.1.2

Phosphorus in Food Systems
Historically, natural phosphorus levels in the soil and supplements such as manure,

excrements, and bones have been relied upon for food production. Processes to produce food
differed depending on the location, but what remained constant was the local production and
consumption of food (Ashley et al., 2011). Firestick farming was used by hunter-gatherers long
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before agricultural societies were formed. This practice transformed the phosphorus in the
ground into an ash that plants could take up through their roots. Firestick farming carried on into
the 1700s and then transformed into a European “slash and burn style of rotational agriculture”
known as swidden (Ashley et al., 2011). Aside from methods used to transform the phosphorus
in the soil to a usable form, the process of adding supplements to the ground to increase
fertilization has also long been practiced. The addition of fertilizer use in agricultural practices
can be traced to at least 3000 B.C. (Scholz et al., 2014). Thousands of years later, the Romans
used fertilizer in the form of manure and the Incas used bird droppings (guano) as additional soil
nutrients. For at least 5000 years, ‘night soil’ or human excrement has been used in parts of rural
Asia, specifically in China (Ashley et al., 2011). The main types of fertilizers used throughout
history prior to phosphate rock production were animal manures, crushed bones, human feces,
guano, crop residue, ash, and city waste (Van Vuuren, Bouwman, & Beusen, 2010). The key to
these types of fertilizers was the fact that they could by used in a cyclical process of nutrients
passing from the ground into food and back to the ground.
Microorganisms are the key to keeping this cyclical process moving. Microbial
degradation of phosphorus in the soil is the main source of phosphorus transformation into a
usable form available for plants. Unfortunately, the phosphorus degradation process is one of the
slowest biogeochemical cycles due to the very gradual transformation processes that occur in the
soil and the ocean (Rhodes, 2013). The slow microbial processes in soil have been linked to the
low availability of phosphorus. This makes sense for microbial communities because their
ecology is about supply and demand. A low supply of usable phosphorus results in fewer
phosphorus-consuming microbes because there is not enough food to sustain a large population.
If more phosphorus-consuming microbes are present, then they will eventually die, because
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although the demand for phosphorus is high, the supply is limited. Therefore, fewer microbes
result in less transformations, hence the very gradual phosphorus transformation processes.
2.1.3

Impacts of the Sanitary and Industrial Revolutions on the Phosphorus Cycle
The sanitary and industrial revolutions brought with them an end to the recycling of

phosphorus in modern society. In Europe around 1760, the Industrial Revolution began and
many people moved to cities to live and work (Ashley et al., 2011). Fossil fuels were being
manufactured for energy, cities exponentially increased in size, and disease ran rampant. Coal
production led to air pollution which caused many people to fall ill, and this was exacerbated by
the lack of sanitation. Disease outbreaks, such as the plague and cholera, killed upwards of
80,000 people in London alone from the 1600s to the 1800s (Ashley et al., 2011). In 1596, Sir
John Harrington invented the flushing toilet, but alterations to this design by Alexander
Cummings and Joseph Bramah in the 1770s led to routine flooding of cesspits (Ashley et al.,
2011). Toilets, cesspits, and sewers were solutions to the problem of foul odors that were caused
by exposed human excrement throughout cities like London. From 1830 to the 1900s, more
developments in sanitation were made including slow sand filtration, sewer collection, germ
theory, and chlorination of drinking water. These changes in sanitation, as well as far distances
required for transport of human excrement to land application sites, had a direct effect on the
phosphorus cycle (Ashley et al., 2011). Human waste was no longer applied to land, but instead
it was released into rivers and oceans, essentially breaking the phosphorus cycle with regards to
human consumption. Due to the time it takes for the processes of sedimentation, tectonic uplift,
and transformation of phosphate rocks into available nutrients for plants, phosphate that is
transported into the ocean is considered lost from agriculture (Cornel & Schaum, 2009).
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2.1.4

Green Revolution and Reliance on Phosphate Rock
Organic fertilizers that were used prior to the sanitary and industrial revolutions basically

became nonexistent with the onset of the Green Revolution. The Green Revolution began in the
1940s as a result of population increase and the ensuing need for an exponential increase in food
production (Scholz et al., 2014). Innovations such as mineral fertilizers, higher-yielding seeds,
more extensive irrigation systems, pesticides and herbicides, better machinery, and
improvements in education became an integral part of world food production in order to keep
pace with demands (Scholz et al., 2014). Mineral fertilizers were discovered in 1840 by Justus
von Liebig. His discovery molded Western agricultural practices (Ashley et al., 2011). The
search for phosphate rock reserves and other concentrated sources of phosphorus commenced.
Around the time of World War II, phosphorus supplies were viewed as limitless, and production
rates soared contributing “to the doubling of crop yields and increasing per capita nutritional
intake” (Ashley et al., 2011).
Massive amounts of phosphate rock, an estimated 19 million metric tons in 2008
(Schroder et al., 2011), were mined for use as fertilizer in agriculture. 191 million metric tons
were mined worldwide in 2011 (Rhodes, 2013). The large volume of phosphate rock required for
agriculture indicates how reliant current societies are on the valuable resource. Without
phosphate rock, today’s global food yields could not be sustained. Billions of people have been
nourished throughout the last 100 years by the combination of phosphate rock, nitrogen,
potassium, and hydrocarbon fuel (Ashley et al., 2011). However, phosphorus is only mined in
specific locations across the world and then transported to farms in need of supplemental
nutrients. Dependence on imported phosphorus will continue to exist as long as crops are
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harvested before they decay. The crops remove phosphorus from the soil and the only way to
replace phosphorus is with phosphate rock-based fertilizer.
2.1.5

Phosphorus Pollution
The sanitary and industrial revolutions led to the disposal of human excrement into water

bodies instead of onto land. The phosphorus and nitrogen present in human excrement added
excess nutrients to receiving waters causing an increase in algal growth (eutrophication)
(Mackenthun, 1968). The problem of excessive algal growth leads to fish kills because the
decomposition of algae requires oxygen. The decomposition of excessive amounts of algae
significantly reduces dissolved oxygen levels in the surrounding waters. In addition to harming
aquatic life, the decomposition of algae can create a foul smell due to hydrogen sulfide gas
production (Mackenthun, 1968). Nutrients can enter water bodies through many pathways, but
two major sources are fertilizer runoff and discharge of wastewater. On a daily basis, household
wastewater contains 4 and 8g P and N/person, respectively (Frumin & Gildeeva, 2014).
Eutrophication of water bodies limits the primary production of phytoplankton. This
limitation is caused by either phosphorus or nitrogen. Nitrogen is typically the limiting nutrient
in marine environments, whereas phosphorus is limiting in freshwater (Frumin & Gildeeva,
2014). The limiting nutrient in eutrophication changes depending on the ratio of nitrogen to
phosphorus. If the N:P ratio is less than 10 than nitrogen is limiting, if the N:P ratio is greater
than 17 than phosphorus is limiting, and if the ratio is between 10-17 than both nutrients can be
limiting (Frumin & Gildeeva, 2014).
Although eutrophication is a natural process for water bodies, humans rapidly accelerate
this process. The natural progression of bodies of water is ultraoligotrophic, to oligotrophic to
mesotrophic, and finally eutrophic and hypereutrophic. However, human activities have
14

quickened this process resulting in water bodies, including the Baltic Sea and Lake Erie, whose
eutrophication process should take 1000 years or more, spending only 20-25 years in each
trophic stage (Frumin & Gildeeva, 2014). Eutrophication can have dangerous consequences not
only for aquatic life, but for humans due to contamination of water sources. Lack of available
drinking water sources is a major issue and eutrophication does nothing to ameliorate this water
scarcity. Aeration, water filtration, chemical addition, and pumping are not very efficient
methods to treat water with algal problems. More proactive approaches are recommended
through treatment of wastewater and decreased fertilizer application (Frumin & Gildeeva, 2014).
Otherwise, extensive effort and money are required to remove nutrients that have entered
receiving waters (Mackenthun, 1968). Eutrophication problems are still occurring because
fertilizer use is increasing with the Green Revolution’s exponential increases in food production.
2.1.6

Worldwide Phosphorus Shortage
There is no question about the negative consequences that can arise as an outcome of

excessive amounts of phosphorus in water bodies. For this reason, phosphorus has typically been
handled as a pollutant. Nonetheless, wastewater discharge into water bodies gives rise to the
irrevocable removal of phosphorus from food production (Ashley et al., 2011). Many estimates
suggest that all of the phosphate rock that is economically feasible to mine will be depleted in 50
to 400 years (Brunner, 2010; Cooper et al., 2011; Desmidt et al., 2015; Rhodes, 2013). This
estimated time frame has such a large range because it is affected by countless factors including
the rate of future phosphorus consumption, innovations in phosphorus recovery, improvement in
mining efficiency, and detection of new phosphate rock reserves. On a worldwide scale, with
incalculable variables, it is nearly impossible to predict the exact time that phosphate rock will be
depleted. Phosphorus can no longer be used in a closed loop cycle and instead must be managed
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as a through-put resource. The practice of using phosphorus for food production and disposing of
it as wastewater into water bodies will not be sustainable for future generations. Therefore,
measures need to be taken to recover phosphorus after its initial consumption.

2.2 Ion Exchange
2.2.1

Fundamentals of Ion Exchange
There are many innovative technologies that have been successfully used to recover

phosphorus, one of which is ion exchange. Ion exchange is the electrostatic adsorption of
dissolved ions using insoluble ion exchange material. In this process, mobile ions are removed
from the ion exchange material and replaced with the same quantity of similarly-charged ions
from the surrounding solution (Inamuddin & Luqman, 2012). Ion exchange can be used to
remove all ions or select ions from solution depending on the application. The most common
application of ion exchange is water softening which removes minerals from water (Inamuddin
& Luqman, 2012).
Ion exchange material plays an important role in the process because it forms the
platform onto which ions are adsorbed. This material can be made from polymers or minerals
that are able to adsorb positively- and/or negatively-charged ions and are manufactured in the
form of resins or membranes (Inamuddin & Luqman, 2012). Ion exchange materials have
distinct classifications according to form, origin, function, and nature (Figure 2-1) and are
classified as organic or minerallic (Inamuddin & Luqman, 2012). Organic material is made from
a fabricated polymer and typically exchanges cations and anions, whereas minerallic material is
only capable of exchanging cations. Organic ion exchange material can also be amphoteric or
bipolar, which means it exchanges cations and anions concurrently.
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Figure 2-1: Various Classifications of Ion Exchange Materials (Inamuddin & Luqman,
2012)

The most common ion exchange material produced for commercial purposes is resin
(Figure 2-2) (Inamuddin & Luqman, 2012). Another way to classify this resin, in addition to its
material composition, is by its functional group which is expressed as a base or acid of varying
strength. Functional group classifications are used because ion exchange resins behave in the
same manner as acids and bases. Strong acid exchangers typically contain sulfonate and
phosphonate acid groups, weak acid exchangers contain phenolic groups, strong basic
exchangers contain tetraammonium groups, and weak basic exchangers contain primary and
secondary amine groups (Inamuddin & Luqman, 2012). Each functional group differs in its
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operational pH range. Strong acid and strong base exchangers tend to operate throughout the full
pH range, while weak acid exchangers and weak base exchangers are unable to work effectively
at acidic and alkaline pH levels, respectively.

Figure 2-2: Macroporous Ion Exchange Resin Bead with Multichannel Structure
(Inamuddin & Luqman, 2012)

The wide selection of resin can be beneficial in order to choose one that fits the specific
needs of the situation. A typical goal of ion exchange is to adsorb the maximum amount of ions
from solution. Adsorption in ion exchange is a process that is based on equilibrium, in which
similarly-charged ions are exchanged in equal quantities between an aqueous solution and the
resin beads. Figure 2-3 shows the equal exchange of ions in two separate equilibrium
expressions, one for anion exchange and the other for cation exchange. In the equilibrium
expressions (Figure 2-3), R represents the anion exchange resin in equation (a) and the cation
exchange resin in equation (b), A- and B- are anions, and C+ and D+ are cations. The equilibrium
reactions can progress in either direction depending on the affinity of the resin for the ions that
are present in solution.
(a)

RA + B- ↔ RB + A-

(b)

CR + D+ ↔ DR + C+

Figure 2-3: Ion-Exchange Equilibrium Equations (Kunin, 1960)
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Once the resin adsorbs the desired ions, the resin is spent and can be regenerated and then
reused. Regeneration is the process in which a solution high in concentration of mobile ions is in
contact with the spent resin. Due to the high concentration of the mobile ions, the ions adsorbed
to the resin are replaced by the new ions, reversing the reactions in Figure 2-3. The result is an
effluent solution that can be put to further use or disposed, and resin that is regenerated and
available for additional adsorption of ions.
2.2.2

Selectivity
Selectivity is the affinity of a resin for specific ions. It is this selectivity that decides

which way the equilibrium equations in Figure 2-3 will proceed. According to Calmon (1981),
selectivity of resin is based on five main rules relating to valence charge, ion size, covalent bond
formation, and byproduct formation. Calmon (1981) states that resins are selective towards
smaller-sized ions, ions with a higher valence charge, and ions that form covalent bonds easily
with the “fixed polar groups” on the resin. As ion size increases compared to the pore size on the
resin beads, the affinity of the resin for the ion decreases. This size exclusion is known as ionic
sieving (Roakes, 2014). Lastly, if reactions with the resin and ions create byproducts such as
liquids or gases, the equilibrium reaction will move in the direction in which these byproducts
form (Calmon, 1981).
Selectivity coefficients are helpful for the determination of equilibrium when specific
combinations of ions are used. The selectivity coefficient of the equilibrium expression for part
(a) in Figure 2-3 is:
𝐴𝐴

𝐵𝐵

𝐾𝐾𝐷𝐷 = �𝐵𝐵� × �𝐴𝐴�
𝑜𝑜

(Kunin, 1960)

𝑖𝑖
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𝐴𝐴

In this equation, 𝐾𝐾𝐷𝐷 represents the selectivity coefficient, �𝐵𝐵� is the ratio of anions in the
𝐵𝐵

𝑜𝑜

solution, and �𝐴𝐴� is the ratio of anions adsorbed to the resin. Although selectivity coefficients
𝑖𝑖

are helpful to calculate the relative distribution of ions in the aqueous phase and on the resin at
equilibrium, these coefficients have their limitations. They are not constant because they are
affected by resin type, resin properties, ion concentrations, pH, temperature, and the existence of
other competing ions (Inamuddin & Luqman, 2012). Therefore, selectivity coefficients are only
useful when all operating conditions are well known and defined.
It is also useful to note that ionic strength of a solution can significantly affect the

selectivity of resins. When salt concentrations are high, corresponding to a total dissolved solids
concentration of ~100,000 mg/L, the preference for divalent ions versus monovalent ions
reverses (Roakes, 2014; Crittenden et al., 2012). This is an important attribute for regeneration
because ions with lower valence charges are typically loaded back onto the spent resin (e.g., Cland OH- ions for anionic resin). The effect of ionic strength on selectivity makes it possible for
this loading of lower valence charge ions onto resin at high salt concentrations.
2.2.3

Regeneration
Regeneration is the act of replacing ions that are selectively adsorbed to resin with ions

that are less selective. This process of regeneration allows resin to be reused countless times for
treatment. Most resins can be regenerated using solutions containing excess amounts of acids,
salt brines, or alkalis (Inamuddin & Luqman, 2012). Excess ions in the regenerant solution are
useful for regenerating the resin to the greatest extent possible, but also create issues associated
with the disposal of regenerant effluent.
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Regeneration can occur in various configurations. The four basic regeneration
arrangements include batch, fixed bed column, fluidized bed column, and moving bed systems
(Inamuddin & Luqman, 2012). The most applicable regeneration configuration for industrial
purposes is the fixed bed column. This set-up is typically run in down-flow mode. Advantages
and disadvantages of the four basic regeneration arrangements can be found in Table 2-1.
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Table 2-1: Comparison between the Advantages and Disadvantages of Various Ion
Exchange Systems (Inamuddin & Luqman, 2012)
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2.3 Previous Studies of Phosphate Removal/Recovery with Ion Exchange
2.3.1

Phosphate Removal from Water and Wastewater
Blaney, Cinar, and SenGupta (2007) investigated the use of a hybrid anion exchanger

(HAIX) to selectively adsorb phosphate from water and wastewater. HAIX was chosen as the ion
exchanger for its durability and affinity for adsorbing phosphates. HAIX was used in a fixed-bed
system due to the system’s “operational simplicity and adaptability to changing wastewater flow
rates and compositions” (Blaney et al., 2007). The main objectives of this study were to: (1)
confirm the selectivity of phosphate using HAIX in solution with other existing anions, (2)
produce data to show the successful regeneration and reusability of HAIX in combination with
secondary municipal wastewater for numerous runs, and (3) compare the phosphate removal
processes from HAIX and other polymer-based sorbents (Blaney et al., 2007).
The results of this study showed that adding known concentrations of sulfate anions to
the source water did not affect the adsorption of phosphate onto HAIX (Figure 2-4). It was
important to demonstrate the strong affinity of HAIX for phosphate, even in the presence of
other anions. Figure 2-5 shows the ability of HAIX to adsorb similar amounts of phosphate on
the virgin resin and the previously-regenerated resin. This confirms that HAIX is reusable.
Figure 2-6 depicts the successful regeneration of HAIX with respect to phosphate desorption.
The success of regeneration is seen in identical trends of all three elution curves, peaking
desorption at 450-500 mg P/L of regenerant after four bed volumes (Blaney et al., 2007). All
three elution curves also displayed complete desorption of phosphate at ~12 bed volumes. This
means that the same HAIX has been used in a process of adsorption and desorption three times,
and throughout this entire process the efficiency of regeneration remained constant.

23

Figure 2-4: Comparison of Phosphate Isotherms for HAIX at Two Different Background
Sulfate Concentrations (Blaney et al., 2007)

Figure 2-5: Phosphate Effluent Histories during Two Consecutive Runs with Secondary
Wastewater from the Bethlehem Wastewater Treatment Plant using ‘‘virgin’’ HAIX (Run
1) and ‘‘regenerated’’ HAIX (Run 2) (Blaney et al., 2007)
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Figure 2-6: Phosphate Elution Profiles during Regeneration of HAIX Resin with High
Phosphate Recovery (495%) in 12 Bed Volumes (Blaney et al., 2007)

HAIX was compared with granular ferric hydroxide, another polymer-based sorbent.
Granular ferric hydroxide and HAIX were both phosphate selective, but HAIX had a much larger
capacity for phosphate before breakthrough occurred. Additionally, HAIX remained in superb
condition even after two consecutive years of batch and column testing, whereas granular ferric
hydroxide was less durable and unable to be regenerated or reused well because of its chemical
makeup (Blaney et al., 2007).
Alkaline regenerant solution, consisting of 2% sodium hydroxide and 2% sodium
chloride, used in combination with HAIX, was able to desorb more than 90% of the phosphate in
less than 10 bed volumes. HAIX was rinsed with carbon dioxide-infused water to prepare it for
another round of adsorption and desorption of phosphate.
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2.3.2

Phosphate Removal and Reuse from Synthetic Wastewater
A study conducted by Nur et al. (2014) investigated the use of Purolite FerrIX A33E

strong base anion exchange resin to remove phosphate from synthetic wastewater. Calcium
chloride was added to precipitate phosphate from solution for use as a fertilizer. Purolite FerrIX
A33E resin is known for its effective removal of arsenate and arsenite via ferric oxide
compounds on the resin. Ferric oxide compounds have also been incorporated in previous studies
to efficaciously adsorb phosphate anions. As a result, they tested Purolite FerrIX A33E resin
(Nur et al., 2014). They observed batch and column adsorption of phosphate onto the resin and
column regeneration of phosphate from the resin. They ran experiments with synthetic
wastewater and resin, and modeled phosphate removal using the Bohart-Adams, Thomas, and
Yoon-Nelson empirical models. They also determined a method to desorb phosphate from the
resin for reuse of the resin and phosphorus.
Nur et al. (2014) revealed that the higher the dose of resin in the batch adsorption
experiment, the better the removal of phosphate from the feed water. A resin dose of 1 g/L and
5+ g/L resulted in 90% and 97% phosphate removal, respectively (Figure 2-7a). The feed water
that was batch-tested with the resin for phosphate adsorption consisted of potassium dihydrogen
phosphate, distilled water, and varying concentrations of phosphate. The phosphate adsorption
isotherm data were analyzed and fit to the Langmuir model (Figure 2-7b) with adsorption
culminating at 48 mg P/g resin (Nur et al., 2014).
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Figure 2-7: (a) Effect of Purolite FerrIX A33E Resin Dose on the Efficiency of P Removal
from a Solution Containing PO4-P Concentration of 10 mg/L and (b) Langmuir Isotherm
Model Fit for Phosphate Removal by the Resin (Nur et al., 2014)

Three variables: bed height, initial phosphate concentration in feed water, and filtration
velocity were studied with respect to phosphate adsorption onto the Purolite resin. First, the bed
heights were varied, while the filtration velocity and initial phosphate concentration were held
constant. Bed height affected breakthrough; breakthrough occurred much faster at smaller bed
heights (Figure 2-8) (Nur et al., 2014). Larger bed heights led to a reduced phosphate
concentration in column effluent. The initial phosphate concentration was varied, while the bed
height and filtration velocity were held constant. Greater initial phosphate concentrations led to
quicker breakthrough (Figure 2-9) because the loading rate and mass transfer intensified (Nur et
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al., 2014). The shorter time to breakthrough translated into a smaller volume of solution that
could be treated at one time compared to the longer time to breakthrough. Finally, the filtration
velocity was varied, while the bed height and initial phosphate concentration were held constant.
More rapid filtration velocities gave rise to quicker breakthroughs (Figure 2-10). Although the
slower filtration velocities removed a higher ratio of phosphate in comparison with the initial
phosphate in solution, less phosphate was removed per unit time than at faster filtration
velocities (Nur et al., 2014).

Figure 2-8: Breakthrough Curves for Different Bed Heights (Initial Phosphate
Concentration = 20 mg P/L and Filtration Velocity = 2.5 m/h) (Nur et al., 2014)
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Figure 2-9: Breakthrough Curves for Different Inlet Concentrations (Bed Height = 12 cm
and Filtration Velocity = 2.5 m/h) (Nur et al., 2014)

Figure 2-10: Breakthrough Curves for Different Filtration Velocities (Bed Height =12 cm
and Initial Phosphate Concentration = 30 mg P/L) (Nur et al., 2014)

Another experiment involved the testing of three filtration velocities with a constant bed
height of 12 cm and initial phosphate concentration of 30 mg/L. The results were fit to the
Bohart-Adams, Thomas, and Yoon-Nelson models. All of these models were able to adequately
fit the phosphate adsorption findings from this experiment. The Thomas model predicted a
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phosphate adsorption capacity of 16 mg P/g resin (Nur et al., 2014). This estimate was similar to
the phosphate adsorption breakthrough results of 12.9 mg P/g resin.
Nur et al. (2014) also evaluated the regeneration of phosphate from the Purolite resin.
Sodium hydroxide, sodium chloride, and sodium sulfate were used in separate experiments to
determine an effective regenerant solution for phosphate desorption. The regenerant solution that
performed the best was sodium hydroxide at 1 mol/L. After the Purolite resin was flushed with
42 bed volumes of sodium hydroxide at this concentration, 90-95% of the phosphate was
desorbed. The resin could be reused at least three times, with no observable reduction in
efficiency of adsorption. The final experiment determined that calcium chloride could be used to
precipitate phosphate as calcium phosphate, which is beneficial as a fertilizer (Nur et al., 2014).

2.4 Environmental Assessment
2.4.1

Land Application of Biosolids
In my research, the solution collected from regeneration was a liquid containing

phosphate and other ions that originated from ADL. I hoped to be able to apply this phosphate
solution to land for use as a fertilizer. According to Michael Rainey (NHDES), liquids are not
regulated for land application (Personal Communication; June 3, 2014). Although land
application of liquid human waste is not regulated, the land application of biosolids is. Biosolids
are defined by EPA (2002) as a “primarily organic solid product produced by wastewater
treatment processes that can be beneficially recycled.”
The Part 503 rule is a federal document that governs the use and disposal of biosolids,
such as its application onto land as soil conditioners and fertilizer (EPA, 2002). This rule is in
place for the purpose of protecting human health and the environment from potential harmful
effects that could result from contaminants in biosolids. Chapter 1 of the Part 503 rule explains
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the use or disposal of biosolids, while Chapter 2 provides an in-depth understanding of land
application of these biosolids. Overall, the main topics discussed in the Part 503 rule are:
“general requirements, pollutant limits, management practices, operational standards, and
requirements for the frequency of monitoring, recordkeeping, and recording” (EPA, 2002).
In addition to the Part 503 rule, more demanding local and state regulations may apply to
the land application of biosolids. These local and state regulations should be followed for anyone
who is involved with the use or disposal of biosolids. The State of New Hampshire regulates
sludge management in Env-Wq 800 in its Code of Administrative Rules. A comparison of
NHDES and EPA regulatory requirements for land application of biosolids can be found in
APPENDIX A – Regulatory Requirements for Land Application of Biosolids.
2.4.2

SimaPro LCA Software
SimaPro (PRé Consultants; Amersfoort, The Netherlands) is a software program that

allows users to calculate environmental impacts and analyze the sustainability of materials and
systems. SimaPro was used in my research as a way to evaluate the environmental impacts of the
use of a phosphate solution resulting from an ion exchange process. The phosphate solution was
assumed to be trucked to local farms and then applied as fertilizer in keeping with the farms’
current practices.
SimaPro 8 was the version of software that was employed in this study. This software
allows for life cycles to be modeled and hotspots located. SimaPro has many features which can
be beneficial for individuals, universities, small companies, and large corporations. These
features include: “life cycle assessments, embedding sustainability into the business, sustainable
sources and purchasing, eco design and product development, and brand reputation and
sustainability communication” (PRé Consultants). New data is regularly input into SimaPro. The
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data updates include current, fact-based information regarding resource extraction, transport, use,
and disposal.
2.4.3

Flag Hill Vineyard
Flag Hill, a local vineyard in Lee, NH, was visited and incorporated into this research in

an environmental assessment using the SimaPro software. This assessment describes the
environmental impacts of producing the phosphate solution from ADL, trucking it to Flag Hill,
and applying it to the vineyard. Flag Hill was established in 1990 and is now the largest NH
vineyard. Grape harvesting began in 1994, wine production occurred the following year, and
winery operations officially commenced in 1996 (Flag Hill Enterprises, 2012). Currently, the
main foci at Flag Hill are grape harvesting and wine production (Nick Bennion, Personal
Communication; February 18, 2015). Six varieties of grapes: Niagara, Marechal Foch, De
Chaunac, Vignoles, Cayuga, and La Crescent, are grown and made into wine. The fertilization
process of these grapes on the vineyard was the sole aspect of the wine production incorporated
into the SimaPro analysis.
Flag Hill uses compost, manure, calcium-ammonium-nitrate, and potassium-sulfate as
fertilizer on the vineyard. The soil at Flag Hill is rich in phosphorus due to the use of manure and
compost, which is why phosphorus is not applied to the land as fertilizer. The vineyard manager,
Nick Bennion, gets most of his fertilizer from Green Mountain Fertilizer Company (Milton, VT).
The calcium-ammonium-nitrate and potassium-sulfate fertilizers are purchased separately
because of the particle size difference between the two types. If spread concurrently, the particle
size difference could lead to stratification and uneven distribution of the two fertilizers. Fertilizer
application typically occurs annually and the time it takes to fertilize the 11.5 acre vineyard is ~1
hr/ac. The time for fertilization includes driving the tractor and loading the fertilizer. It takes two
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days to complete the fertilization process of the entire vineyard each year (Nick Bennion,
Personal Communication; February 18, 2015).
According to 2015 records, the application rate of fertilizer at Flag Hill is a maximum of
25 lbs N/ac in the form of calcium-ammonium-nitrate. The amount of potassium applied ranges
from 50-100 lbs/ac depending on the “block” or section of vineyard where the potassium-sulfate
fertilizer is applied. Fertilizer is typically applied using a 90 horsepower John Deere tractor
(model number 5520N; Augusta, GA) which is hooked to a PS 203 Vicon Spreader (Kverneland
Group; Nieuw-Vennep, The Netherlands) and powered by diesel fuel. The tractor works nicely
for fertilization of 144 rows of vines due to its narrow wheelbase which fits well in the 7.5 foot
space between rows. Each vine is spaced five feet apart and there are a total of 10,391 vines
(Nick Bennion, Personal Communication; February 18, 2015).
2.4.4

Tendercrop Farm
Tendercrop Farm is a local farm in Dover, NH that was also visited and incorporated into

my research in an environmental assessment using SimaPro. This assessment described the
environmental impacts of producing the phosphate solution from ADL, trucking it to Tendercrop
Farm, and applying it to the farmland. Tendercrop Farm was originally owned by the Tuttle
family since 1632, making it the country’s oldest family owned farm until it was sold to Matt
Kozazcki in October 2013 (Salter, 2013). Currently, the products grown at Tendercrop Farm
include: flowers, cantaloupe, tomatoes, lettuce, sunflowers, corn, blueberries, nectarines, and
peaches, with the addition of apples in the near future (Matt Kozazcki, Personal Communication;
February 23, 2015). The SimaPro analysis of Tendercrop Farm focused solely on the fertilization
process of these products on the farmland.
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Tendercrop Farm uses a blend of nitrogen, phosphorus, and potassium as fertilizer. The
soil at Tendercrop Farm is productive, soft, and good for growing vegetables. Sometimes it is not
necessary to use all three fertilizer components on the soil depending on the year, and when this
is the case the owner only buys the nutrients needed. Most fertilizer comes from Crop Production
Services in western Massachusetts. Fertilizer application typically occurs annually during the
spring and takes ~1 day to do the entire 40 acres. This time will likely increase in the future
because 35 acres are going to be cleared soon for apple trees and the long-term goal is to
eventually use 100-105 acres of the 133 acre property. Fertilizer is typically applied using a John
Deere tractor (model number 2355; Mannheim, Germany) which is hooked to a spin spreader
and powered by diesel fuel. Roughly a quarter of a gallon of fuel is used per acre of farmland to
fertilize the crops. The application rate of fertilizer varies depending on the type of crop and soil
conditions (Matt Kozazcki, Personal Communication; February 23, 2015).
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3 METHODS AND MATERIALS

This chapter gives an explanation of the materials, experimental design, and procedures
used in the experiments as a means of accomplishing the objectives defined in Section 1.4. The
experiments consisted of bench-scale column regeneration tests to determine the effectiveness of
phosphate desorption using ion exchange in combination with various regenerant solutions.

3.1 Materials
3.1.1

Lewatit® FO 36 Resin
The Lewatit® FO 36 Resin (Lanxess; Cologne, Germany) (Figure 3-1) is a weakly basic,

polystyrene-based anion exchange resin with uniformly-sized resin beads and macropores. The
mean bead diameter is 0.35-0.38 mm with a maximum uniformity coefficient of 1.1. The resin
operates at a pH range of 4-11. It performs best in conditions where pH = 6 and it should never
be used in conditions where pH < 4 or it becomes nonfunctional. The resin is coated with an iron
oxide film and designed for the selective adsorption of oxoanions, specifically arsenate or
arsenite. It can also selectively adsorb other species including HPO42-, HSiO3-, HSbO42-,
HVO42-, SCN-, and natural organic matter. Typical uses listed by the manufacturer are arsenic
removal from groundwater, drinking water, and wastewater, in addition to arsenic removal from
process solutions that are high in concentration of neutral salts. The resin was generously
provided by Lanxess, a chemical company headquartered in Cologne, Germany. Additional
details on Lewatit® FO 36 Resin can be found in APPENDIX B – Resin Product Information.
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Figure 3-1: Lewatit® FO 36 Resin (Lanxess, 2007-2015)

3.1.2

Lewatit® MonoPlus M 800 Resin
The Lewatit® MonoPlus M 800 Resin (Lanxess; Cologne, Germany) is a strongly basic,

styrene-divinylbenzene-based anion exchange resin with uniformly-sized resin beads. The mean
bead diameter is 0.59 +/- 0.05 mm, with a maximum uniformity coefficient of 1.1. The resin
operates at a pH range of 0-12. It is loaded with chloride anions and a couple of its special
features include high exchange flow rates and low rinse water requirements. Typical uses listed
by the manufacturer are conventional mixed bed application in conjunction with other Lewatit®
resins, polishing using a Lewatit® Multistep System, and condensate polishing. This resin was
generously provided by Lanxess, a chemical company headquartered in Cologne, Germany.
Additional details on Lewatit® MonoPlus M 800 Resin can be found in APPENDIX B – Resin
Product Information.
3.1.3

Phosphate Standards
The phosphate standards purchased for this research were manufactured by Ricca

Chemical Company (catalog number R5839500-100A; Arlington, TX). The standards had a
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phosphate concentration of 10,000 mg/L and in order to achieve an initial phosphate
concentration of 200 mg/L in each jar, 40 mL of the standards was added to 1,960 mL of reverse
osmosis (RO) water.
3.1.4

Jar Tester
Jar tests were performed using a PB-700 Phipps & Bird (Richmond, VA) six-paddle jar

tester (Figure 3-2). The catalog and serial numbers of the jar tester were 7790-701B and
211012658G, respectively. The jar tester was used in combination with rectangular jars, each
holding a maximum capacity of 2 L. The mixing speed capabilities of the jar tester ranged from
0-300 rpm and all paddles mixed at the same speed simultaneously.

Figure 3-2: PB-700 Phipps & Bird Jar Tester

3.1.5

Centrifuge
The tabletop Beckman GS-6 Centrifuge (Brea, CA) (Figure 3-3), with a maximum speed

of 6400 rpm and a maximum g-force of 5642, was used to remove solids from ADL prior to
phosphate analysis. The speed control was within 10 rpm of the speed indicated on the display.
There was a breaking system built into the centrifuge with three settings: high, low, and off. The
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safety features of the centrifuge included an automatic door interlock, imbalance detector, and
self-balancing drive.

Figure 3-3: Beckman GS-6 Centrifuge

3.1.6

Regenerant Solutions
Five solutions were used individually in column regeneration experiments: sodium

chloride, a combination of sodium chloride and sodium hydroxide, sodium hydroxide, calcium
hydroxide, and potassium hydroxide, all in combination with RO water. These solutions were
applied at a concentration of 1 mol/L, with the exception of calcium hydroxide and the
combination of sodium chloride and sodium hydroxide. Calcium hydroxide is sparsely soluble in
water and therefore had to be applied using a concentration of 1.5 g/L (Seidel & Linke, 1953).
The regenerant combination of sodium chloride and sodium hydroxide contained 1 mol/L of
sodium chloride, but only enough sodium hydroxide to raise the pH to ~9.5.
3.1.7

Regeneration Columns
The system constructed for the regeneration of the resin was comprised of two replicate

regeneration columns. These columns were 0.824 inches in diameter, 18 inches tall, and made
out of clear, polyvinyl chloride pipes. The top and bottom fittings on the columns had bushing o38

ring connections that created tight seals when regeneration was in process. The resin was housed
in a fixed bed environment inside the columns, and the regenerant solution was slowly pumped
into the top of the columns at 3 mL/min using a peristaltic pump. The regenerant solution
trickled down through the columns, exchanged ions with the resin, and exited the system into
beakers for collection. Short-circuiting was prevented in the columns through the design and
incorporation of a set ratio of column diameter to resin diameter, stilling layer of liquid above the
resin bed, and low flow rate of regenerant through the column. When the ion exchange process
was complete, the columns could be drained using valves located directly below the base of the
columns. A schematic of the regeneration system showing one of the two regeneration columns
can be seen in Figure 3-4.

Figure 3-4: Regeneration System

3.1.8

Peristaltic Pump
The peristaltic pump used to transfer the regenerant solution into the top of each column

was manufactured by Watson-Marlow (Falmouth, England). This pump had four heads (Figure
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3-5), allowing for the potential to regenerate resin in a maximum of four columns concurrently.
The flow rate ranged from 0-300 mL/min.

Figure 3-5: Watson-Marlow 505Di Peristaltic Pump

3.1.9

UV-Spectrophotometer
The UV-spectrophotometer used in these experiments was a HACH DR 2000 (Figure

3-6). This spectrophotometer had a wavelength range of 400-900 nm, wavelength accuracy of +/2 nm from 400-700 nm and +/- 3 nm from 700-900 nm, and wavelength resolution of 1 nm. The
concentrations of phosphate, sulfate, and nitrate were read in the HACH DR 2000 for in-house
measurements. The phosphate measurements required a matched pair of 10 mL glass cuvettes
and the sulfate and nitrate measurements required a matched pair of 25 mL glass cuvettes. The
UV-spectrophotometer was calibrated using two phosphate standards with the same catalog
number but different lot number, manufactured by Ricca Chemical Company (Section 3.1.3). Six
separate solutions were created with different concentrations of each phosphate standard. Five
replicates were taken of each solution and were measured in the UV-spectrophotometer. The
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expected concentrations and actual concentrations were plotted in calibration curves in
APPENDIX C – HACH DR 2000 Accuracy Check.

Figure 3-6: HACH DR 2000 UV-Spectrophotometer

3.2 Experimental Design
3.2.1

Phosphate Adsorption
This experiment was designed to determine an optimal resin concentration for phosphate

adsorption in ADL, while simultaneously establishing an adequate contact time for jar tests. The
original plan was to use ADL from multiple wastewater treatment plants as phosphate sources.
Due to difficulties that were encountered at other wastewater treatment plants besides
Newmarket, NH, it was concluded that staying with the Newmarket ADL in the interest of time
would be the best approach and allow testing of other important variables.
Four resin concentrations were compared in this experiment: 15, 30, 45, and 60 g/L. The
jar test kinetics experiments consisted of two runs. Each run contained two jars of FO resin in
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ADL and two jars of M resin in ADL. The first run tested each resin at concentrations of 15 and
30 g/L and the second run tested each resin at concentrations of 45 and 60 g/L. For both runs,
samples were taken at 0, 2, 4, 8, 12, 20, and 30 min, as well as 1, 5, and 24 hr. These sampling
times were chosen based on previous research conducted by Roakes (2014).
The first goal of this experiment was to pick a resin concentration that maximized resin
efficiency, effluent quality, phosphate adsorption, and phosphate desorption. The second goal
was to establish a contact time for jar tests which was accomplished by finding a balance
between maximizing the phosphate adsorption and minimizing the time required for jar tests.
Once the resin concentration and contact time were selected, they were used throughout the
remainder of the jar tests in this research.
3.2.2

Phosphate Desorption
Phosphate desorption experiments were conducted each time a new regenerant solution

was used. There were five regenerant solutions used: sodium chloride, sodium hydroxide, a
combination of sodium chloride and sodium hydroxide, calcium hydroxide, and potassium
hydroxide. Each experiment lasted 4 hr. The sodium chloride desorption experiment had
sampling times at 10 min, 20 min, 50 min, 1 hr and 50 min, 2 hr and 50 min, and 3 hr and 50
min. The desorption experiments for all of the other regenerant solutions had an additional
sampling time added at the start of the experiment, or 0 min. Due to the slow flow rate of the
pump during regeneration, each sampling period lasted 10 min in order to collect enough sample
to analyze for phosphate. The sampling times were based on literature review and the need for
adequate regenerant volume for analysis. The goal of the phosphate desorption experiments was
to determine the amount of time required to achieve maximum phosphate desorption from the
resins using each different regenerant chemical.
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3.3 Procedures
3.3.1

Jar Test Procedure

1. Hydrated virgin resin in a beaker of RO water for at least 8 hr
2. Decanted the RO water from the resin once hydrated
3. Drained the remaining water from the resin by using a metal scooping tool to press the

resin against the side of the beaker
4. Added desired amount of resin to sample plate and weighed on Scout Pro scale (model

number SP202; Ohaus Corporation; Pinebrook, NJ)
5. Mixed the supernatant in a 19 L container on a stir plate for at least 5 min
6. Removed lid of container and used spout to pour 2 L of supernatant into each jar
7. Measured initial pH of each jar
8. Transferred jars to the jar tester and set the mixing speed to 200 rpm
9. Took initial sample by drawing up 30 mL from each jar while mixing began

a. Samples were taken with a syringe ~4 cm below the water surface and halfway
between the paddle and the front of the jar
b. Took two more consecutive samples as a duplicate and triplicate
10. Added resin dose to each jar by using no more than 10 mL of RO water to transfer the

resin from the sample plate to the jar
11. Continued sampling at specified times and followed the method outlined in step 9
12. Inverted all samples, including the initial samples, in syringes and connected a hose

attachment to the tip of each syringe
a. Waited 20 sec for the resin to settle
b. Wasted ~10 mL while keeping the syringe inverted
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c. Syringed ~15 mL of sample into a clean 15 mL centrifuge tube and wasted the
remaining sample
d. Placed sample in a test tube rack until the other samples were prepared
13. Labeled and filled beakers with the supernatant from each jar for final pH measurements
14. Poured the remaining supernatant from each jar into a separate container to be treated

prior to disposal. (See Chlorine Procedure in Section 3.3.3)
15. Rinsed out each resin 10 times with RO water, and stored the rinsed resin in containers

saturated with RO water to be used for regeneration the following day
16. Placed all prepared samples from the jar test in the centrifuge and ran for 20 min at 3000

rpm
17. Drew 5 mL from the top of each centrifuge tube and made 1:10 dilutions with RO water
18. Shook diluted samples vigorously by hand for 10 sec
19. Drew up 20 mL of the diluted sample using a clean 30 mL syringe and filtered 11 mL

through 0.45 μm filter paper
20. Samples were now ready to be analyzed for phosphate in the HACH DR 2000

3.3.2

Regeneration Procedure

Regenerant Preparation
1. Calculated the mass of the regenerant chemical based on a concentration of:
a. 1 mol/L for NaCl, NaOH, and KOH
b. 1.5 g/L for Ca(OH)2
c. 1 mol/L of NaCl and however much NaOH was required to bring the pH to ~9.5
for the NaCl & NaOH combined solution
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2. Prepared a container of regenerant solution with 3.2 L of RO water and the specified
amount of regenerant chemical, and mixed continually throughout the experiment on a
stir plate
3. Rinsed resin once with RO water and drained the remaining water from the resin by using
a metal scooping tool to press the resin against the side of the beaker
4. Weighed out 40 g of both types of resin
5. Measured initial pH of regenerant solution
6. Measured initial phosphate concentration of regenerant solution
7. Placed the intake hose into the regenerant solution and secured in place so that the hose
inlet was at the bottom of the container
Column Preparation
8. Assembled column, tubing, and peristaltic pump
9. Set the pump speed to 100 mL/min to prime the tubing and columns in down-flow mode
with the regenerant, and wasted the first flush. Down-flow was chosen based on typical
industry practices.
10. Drained the columns using the valves
11. Placed glass wool on the column support screens, wetted the glass wool using RO water,
and covered the support screens entirely with glass wool without interfering with the
bushing o-rings
12. Attached the column support fittings to the bottom of the columns
13. Filled the columns with RO water until they contained ~1 bed volume (30 mL) of water
14. Used RO water to wash the resin into the top of the columns
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15. Drained the columns in down-flow mode using the valves so that the water levels were
~1 cm above the resin beds
16. Inserted 25 mL of regenerant solution from the intake container to each column to put ~8
cm of regenerant over the resin
17. Attached the column support fittings to the top of the columns
Regeneration Run
18. Prepared beakers for sampling
19. Set the pump speed to 3 mL/min to begin regeneration
20. Sampled column effluent at specified times and analyzed using the HACH DR 2000
21. Measured final pH of spent regenerant solution from both columns at the end of the
experiment
Clean Up
22. Uncapped columns and drained regenerant from the columns using the valves
23. Drained excess regenerant from tubing and recapped columns
24. Threaded tubing back into the peristaltic pump
25. Changed feed to RO water
26. Started pump and ran for 10 min at a flow rate of 100 mL/min
27. Uncapped columns and drained RO water from the columns using the valves
28. Drained excess RO water from tubing
29. Took apart column, disposed of glass wool, and rinsed column parts with RO water
30. Cleaned all used glassware, syringes, centrifuge containers, etc. according to the Chlorine
Procedure in Section 3.3.3
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3.3.3

Chlorine Procedure

1. Made a 10% by volume solution using bleach and lab water (Bleach Rinse)
2. Used Bleach Rinse to rinse centrifuge tubes, pipettes etc. Then thoroughly rinsed them in
lab water at least five times, let them dry, and reused them.
3. Added 10 mL of the Bleach Stock (sodium hypochlorite in water) to each of the 2 L jars
of ADL left after the jar test. Allowed the jars to stand for 10 min or more, then disposed
of the contents in the sink and washed the jars thoroughly.
4. Added 5 mL of Bleach Stock to each liter of spent regenerant solution left after
regeneration. Allowed these containers to sit for 10 min or longer, then disposed of the
contents in the sink and washed the regenerant containers thoroughly.

3.4 Statistical Test for Outliers
Dixon’s Q-test was used in this research to detect outliers in the initial and final
phosphate measurements from each adsorption experiment. The purpose of this test is to
determine in an objective manner whether to accept or reject data points based on a null
hypothesis (Efstathiou, 2006). Dixon’s Q-test is meant for use with small data sets made up of
usually 3-12 data points or replicates. Consequently, this test works well with the three replicate
data points for both initial and final phosphate measurements in each adsorption experiment. A
confidence limit of 95% is suggested by analytical chemists in statistical tests for significance
and thus a 95% confidence limit was incorporated into Dixon’s Q-test for this research
(Efstathiou, 2006).
Dixon’s Q-test is used to compute significance by first ordering the data from smallest to
largest and then applying equation (a) or (b) in Figure 3-7 for assessing the smallest or largest
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values, respectively. In these equations, 𝑥𝑥1 corresponds to the smallest number in each set of
observations and 𝑥𝑥𝑁𝑁 corresponds to the largest number in each set of observations.

Figure 3-7: Dixon’s Q-test Equations

If the resulting Q value is greater than the critical Q value at a confidence limit of 95%, than the
data point is considered an outlier and thrown out. If not, the data point is unaltered and
incorporated into the final research results. The critical Q value at a 95% confidence limit for a
set of three observations is 0.970 (Efstathiou, n.d.). In this research three data points were
removed as outliers. Two of the outliers were final phosphate concentrations for M resin
analyzed on October 1, 2014 and January 12, 2015. Both of these data points had Q values of
0.978. The third outlier was a percentage of adsorbed phosphate for FO resin analyzed on
September 22, 2014 with a Q value of 0.664.

3.5 Analytical Techniques
3.5.1

In-House Jar Test Analysis
The in-house analysis for jar test samples was solely focused on the analysis of

phosphate. The phosphate concentration of the samples was measured using the HACH DR
2000. The method used to analyze the phosphate was HACH method 8114. For more
information on this method, see APPENDIX D – HACH DR 2000 Analyses.
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3.5.2

In-House Regeneration Analysis
The in-house analysis for regeneration samples included the analysis of phosphate,

sulfate, and nitrate. The concentrations of each of these three constituents were measured using
the HACH DR 2000. The method used to analyze the phosphate, sulfate, and nitrate were HACH
methods 8114, 8051, and 8039, respectively. For more information on these methods, see
APPENDIX D – HACH DR 2000 Analyses.
3.5.3

Eastern Analytical, Inc. Analysis
EAI is located in Concord, NH and provides analytical services to a wide group of clients

including engineers, municipalities, and businesses. Spent regenerant samples were sent to EAI
for bromide, sulfate, chloride, nitrite, nitrate, phosphorus, orthophosphate, fluoride, aluminum,
arsenic, calcium, magnesium, potassium, and sodium analyses. Three of these constituents
(sulfate, nitrate, orthophosphate) were measured in-house and by EAI as a way to compare the
in-house measurements with a trusted outside source. Many of the constituents were only
analyzed by EAI because of the lack of proper equipment, precision, and accuracy if those
analyses were to be done in-house.
EAI used five methods to analyze the constituents. EPA Method 200.8, the determination
of trace elements in waters and wastes by inductively coupled plasma – mass spectrometry, was
used to analyze aluminum, arsenic, calcium, magnesium, potassium, and sodium. EPA Method
300.0, the determination of inorganic anions by ion chromatography, was used to analyze
bromide, sulfate, and fluoride. EPA Method 353.2, the determination of nitrate-nitrite nitrogen
by automated colorimetry, was used to analyze nitrite and nitrate. EPA Method 365.1, the
determination of phosphorus by semi-automated colorimetry, was used to analyze phosphorus
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and orthophosphate. Standard Method 4500Cl-E-97, the determination of chloride by automated
ferricyanide, was used to analyze chloride.
EAI is certified throughout New England, with a primary National Environmental
Laboratory Accreditation Conference (NELAC) accreditation for the state of New Hampshire. In
order to be certified, EAI has onsite inspections every other year and blind proficiency sample
testing twice a year. EAI also engages in performance evaluation studies. The company’s
certificate number is NH 101215, the laboratory identification number is 1012, and expiration
date of the certification is January 20, 2016. See APPENDIX E – EAI Primary NELAC
Accreditation for the certificate for the state of New Hampshire.

3.6 Quality Assurance/Quality Control Measures
The samples that were analyzed by EAI were all subjected to a quality assurance/quality
control (QA/QC) process. EAI’s QA/QC reporting level B was chosen which includes sample
data, chain of custody, percent of solids, surrogate recoveries, blank summary, laboratory control
sample summary, matrix spike summary, duplicate summary, and quality control narrative
(Eastern Analytical, 2010). Holding times, preservation techniques, container types, and sample
conditions adhered to EPA protocols. Sample collections by EAI were also conducted according
to EPA approved procedures.
In-house laboratory techniques also involved QA/QC measures. Triplicate samples were
taken during jar tests for phosphate analysis and duplicate samples were taken during
regeneration for phosphate, sulfate, and nitrate analyses. Calibration was another precaution to
ensure data reliability. The pH probes were calibrated once per week and Eppendorf pipettes
were calibrated once per day. Steps were followed to make certain that phosphate was not
introduced into the system by the regenerant solution. This was done by taking samples of the
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initial regenerant solution for every run and analyzing for phosphate. Another pathway for
phosphate contamination into the system was the RO water. For this reason, phosphate tests with
RO water were conducted on select days to verify that there was no detectable phosphate
contamination. An accuracy check was performed by analyzing phosphate standards at various
concentrations in the HACH DR 2000. The accuracy check was completed to assure that the UVspectrophotometer was calibrated correctly. The results showed that it was well calibrated
(APPENDIX C – HACH DR 2000 Accuracy Check). Refer to Sections 3.1.3 and 3.1.9 for more
information regarding the phosphate standards and calibration curves, respectively.
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4 RESULTS AND DISCUSSION

This chapter provides a discussion of the findings from the experiments presented in
Chapter 3 in addition to the SimaPro environmental analyses. The bench scale experiments
consisted of jar tests with FO and M resins in anaerobic digester liquor (ADL) and column
regeneration of the resins using five regenerant solutions. The remaining sections in this chapter
present the issues encountered using ADL for ion exchange, in-house and EAI comparison of
results, maximum phosphate adsorption and desorption capabilities with phosphate standards,
and potential impacts of the land application of the spent regenerant on farmland. All
experimental data can be found in Appendices F through H. The conclusions and
recommendations in Chapter 5 are based on the results and discussion presented herein.

4.1 Resin Concentration and Jar Test Contact Time
An initial investigation of the ideal resin concentration and contact time for jar tests was
completed and the results are presented in this section. The objectives of this study were to
minimize adsorption time and maximize resin efficiency, effluent quality, phosphate adsorption,
and phosphate desorption. The data was collected in two kinetics jar tests, one on August 19,
2014 and the other on September 10, 2014, using ADL from the Newmarket Wastewater
Treatment Plant. Both of these kinetics jar tests compared FO and M resins at various
concentrations over 24 hr.
The contact time was chosen based on maximum phosphate adsorption and minimum
adsorption time. The phosphate adsorption data was plotted as both percent phosphate adsorbed
to the resin and concentration of phosphate remaining in the jars (Figures 4-1 and 4-2). Figures
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4-1 and 4-2 were only plotted for the first hour of adsorption kinetics because the phosphate
adsorption diminished thereafter. The 30 to 60 min interval showed a reduction in phosphate
adsorption to the resin as represented by the relatively small slope values for that time interval
which are highlighted in tables displaying phosphate adsorption change in slope in APPENDIX
F – Jar Test Raw Data. These tables present the actual values for the slope at each time interval
between sampling events. Slope values that approached zero imply that phosphate adsorption
was slowing and further jar testing was no longer beneficial. Based on the decreased adsorption
from 30-60 min, the jar test duration of 30 min was used for the remainder of the experiments.
Although trace amounts of phosphate were still adsorbed after 30 min, the time savings resulting
from the 30 min test was considered more important than the additional recovery of phosphate
from a longer time.

Figure 4-1: FO and M Resin Phosphate Adsorption Kinetics (Newmarket ADL runs on
Aug. 19 and Sept. 10, 2014, n=1 for each data point)
53

Figure 4-2: FO and M Resin Phosphate Adsorption Kinetics (Newmarket ADL runs on
Aug. 19 and Sept. 10, 2014, n=1 for each data point)

The resin concentration was chosen based on maximum resin efficiency, effluent quality,
phosphate adsorption, and phosphate desorption. Figure 4-3 shows the phosphate loading for the
FO and M resins using the data points that had reached equilibrium after a contact time of 24 hr
in the adsorption experiments on Aug. 19 and Sept. 10, 2014. Phosphate loading is the amount of
phosphate adsorbed to the resin and was calculated as mg phosphate/g resin. The curve for FO
resin behaved as predicted with greater phosphate loadings corresponding to greater final
phosphate concentrations remaining in the jar. The curve for M resin did not behave as predicted.
The data point (70.5, 2) for the M resin appears to be an outlier, but it is not possible to confirm
that it is an outlier due to the limited number of samples that could be taken from each jar during
adsorption. The data point is thought to be an outlier because of the fluctuating concentrations of
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phosphate in that jar from 1 to 24 hr; hence the phosphate loading and effluent quality at 24 hr
for (70.5, 2) may not have been the best representations of equilibrium. The results for FO and M
resins in Figure 4-3 demonstrate that the 30 and 45 g/L resin concentrations provided a balance
between maximizing resin efficiency and maximizing effluent quality.

FO and M Resin Phosphate Adsorption
Phosphate Loading
(mg phosphate/g resin)

14
12
R² = 0.8498

10
8

R² = 0.0549
6

FO resin
M resin
Log. (FO resin)

4

Expon. (M resin)

2
0
0

20
40
60
80
Final Phosphate Concentration in Jar (mg/L)

Figure 4-3: FO and M Resin Phosphate Adsorption Isotherms (Newmarket ADL runs on
Aug. 19 and Sept. 10, 2014, n=1 for each data point)

In order to maximize phosphate adsorption, greater resin concentrations are typically
desirable in batch experiments (Figures 4-1 and 4-2). The phosphate adsorption at 30 min in
Figure 4-1 for FO resin reveals that the 60 g/L concentration outperforms the other resin
concentrations due to its nearly 100% adsorption of phosphate. The 30 g/L concentration was a
close second adsorbing a little over 90% of the phosphate, while the 45 and 15 g/L
concentrations adsorbed slightly more than 70%. The M resin adsorption (Figure 4-1) showed
that greater concentrations of resin adsorbed more phosphate.
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As a result of the favorable resin efficiency, effluent quality, and phosphate adsorption,
30 and 45 g/L concentrations were compared in 30 min jar tests using Newmarket ADL and 4 hr
column regeneration experiments using sodium chloride (Figures 4-4 and 4-5, respectively).

Figure 4-4: Comparison of Phosphate Adsorption of FO and M Resins at 30 and 45 g/L
(Newmarket ADL runs on Sept. 22 [FO 30 g/L], Sept. 24 [M 45 g/L], Sept. 29 [FO 45 g/L]
and Oct. 1 [M 30 g/L], 2014, n=1 for each data point)
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Figure 4-5: Comparison of Phosphate Desorption of FO and M Resins at 30 and 45 g/L
(NaCl runs on Sept. 23 [FO 30 g/L], Sept. 25 [M 45 g/L], Sept. 30 [FO 45 g/L] and Oct. 2 [M
30 g/L], 2014, n=1 for each data point)

Adsorption percentages in Figure 4-4 for FO resin at 30 g/L and M resin at 45 g/L do not
match well with the kinetic adsorption percentages in Figure 4-1. The most notable difference is
the adsorption percentage for FO resin at 30 g/L which should have been ~90% adsorption of
phosphate, according to Figure 4-1, instead of 40%. One reason for the low adsorption
percentages for FO resin at 30 g/L and M resin at 45 g/L is the high initial concentrations of
phosphate in both of these jars. Phosphate adsorption is highly dependent on initial phosphate
concentration until the point when the resin is fully saturated. This is explained by chemical
equilibrium. Once the resin is saturated with phosphate, a higher initial phosphate concentration
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in the ADL will have no effect on adsorption. Instead it results in a negative effect on the
calculated percentage of adsorbed phosphate. Ideally, this experiment comparing 30 and 45 g/L
resin concentrations would have been repeated, but due to time and budget limitations that was
not an option.
Figure 4-5 shows that the desorption capabilities of the 30 and 45 g/L resin
concentrations are very similar for each type of resin. Even though the 30 g/L resin concentration
seems to perform slightly better, it is not possible to confirm that it is significantly better than the
45 g/L resin concentration. The decision was made to use the 30 g/L concentration of M and FO
resins for the remainder of this research for pragmatic reasons related to resin efficiency, effluent
quality, phosphate adsorption, and phosphate desorption.

4.2 Adsorption Capabilities of M and FO Resin
The ADL that was used in all the 30 min jar tests in this research came from the
Newmarket Wastewater Treatment Plant. The phosphate adsorption using M and FO resin can be
seen in Figures 4-6 and 4-7. These graphs show the percentage and mass of adsorbed phosphate
at the conclusion of each jar test. Both the percentage and mass of adsorbed phosphate are
dependent on the initial phosphate concentration in each jar. The initial phosphate concentrations
were variable from day to day at the Newmarket Wastewater Treatment Plant, making it difficult
to compare each adsorption run on an equivalent basis. Instead, the adsorption runs were
compared based on adsorption performance with the understanding that the full scale application
of this process would use real wastewater sources with similar variability in initial phosphate
concentration.
The only adsorption run that is omitted from these figures is a phosphate adsorption of
40.3% for the FO resin. Based on the majority of the FO adsorption results, it was evident that
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the adsorption of 40.3% phosphate might not be representative. This hypothesis was tested using
Dixon’s Q-test for detecting outliers. The outcome showed that 40.3% recovery was indeed an
outlier as shown in Dixon’s Q outlier results in APPENDIX F – Jar Test Raw Data and therefore
the data point was discarded. The reason that the adsorption percentage was likely incorrect for
the 40.3% FO adsorption run was the high initial concentration of phosphate in the ADL and the
fact that the resin had reached saturation. It was not feasible for all of the phosphate to adsorb to
the resin in this jar, resulting in a negative effect on the percentage of adsorbed phosphate.

Figure 4-6: Comparison of FO and M Resin Phosphate Adsorption (Newmarket ADL, n=1
for each data point)

59

Figure 4-7: Comparison of FO and M Resin Phosphate Adsorption (Newmarket ADL, n=1
for each data point)

Figure 4-8 shows the phosphate loading for the FO and M data points from Figure 4-7.
The FO resin data, up to a final phosphate concentration of ~30 mg/L, behaved as predicted with
greater phosphate loadings corresponding to greater final phosphate concentrations remaining in
the jar. The M resin data appeared more sporadic which may have been a result of the phosphate
concentrations in the jar exceeding the maximum sorption capacity for the resin. The results for
FO and M resins in Figure 4-8 demonstrate that the phosphate loadings were such that the linear
portion of the isotherm curve was not well captured. A lot more resin would have been required
to see that portion of the curve. The results also indicate that more resin would simultaneously
produce better effluent quality and recover more phosphate. However, more resin would also
reduce the resin efficiency for phosphate adsorption.
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Figure 4-8: FO and M Resin Phosphate Adsorption Isotherms (Newmarket ADL, n=1 for
each data point)

Figure 4-9 displays the average and standard deviations of the adsorption runs for the M
and FO resins. The compilation of the adsorption runs, without the 40.3% data point for FO
resin, show that the M resin had an average adsorption of 53.0% (standard deviation = +/- 6.2) or
194.5 mg (standard deviation = +/- 41.5) and the FO resin had an average adsorption of 89.3%
(standard deviation = +/- 4.9) or 330.8 mg (standard deviation = +/- 30.3). By looking at the
average adsorption for several different experiments it is possible to get a good indication of
which resin is performing better.
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Figure 4-9: Comparison of FO and M Resin Average Phosphate Adsorption (Newmarket
ADL)

4.3 Desorption Capabilities of M and FO Resin
4.3.1

Regeneration with NaCl
Sodium chloride was the first regenerant solution used to desorb phosphate from the

resins (Figures 4-10 and 4-11). It is important to note that measurements were not taken during
the 0-10 min interval for the sodium chloride run because it was not yet determined to be an
important sampling interval. This discrepancy affected Figure 4-10 because the concentration of
eluted phosphate at the start of the run would likely be greater, especially for the M resin. The
FO resin would presumably not be affected because there is negligible phosphate desorption
using sodium chloride. Figure 4-11 was also affected by this discrepancy because the cumulative
percentage of phosphate likely began at a higher percentage than what is shown; again this
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would seemingly only affect the M resin. The assumption concerning higher phosphate
desorption in the first 10 min of the run is made based on the trends in the data showing the
greatest elution of phosphate at the beginning of the regeneration experiment.
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Figure 4-10: Phosphate Desorption of FO and M Resins (NaCl runs on Sept. 23 and Oct. 2,
2014)
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Figure 4-11: Cumulative Phosphate Desorption of FO and M Resins (NaCl runs on Sept. 23
and Oct. 2, 2014)
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During the sodium chloride regeneration, there was a leak in the bottom of the column
that contained the M resin. Conveniently, the regenerant solution leaked into a beaker beneath
the column and could be analyzed for phosphate. 6.8 mg of phosphate had been lost in the leak.
The loss of phosphate from the column meant that Figures 4-10 and 4-11 showed slightly lower
levels of phosphate for the M resin than they would have without a leak.
Despite the fact that there are reasons why the M resin results may not be as high as they
should be, the total amount of phosphate in the entire volume of spent regenerant for M resin was
calculated. All of the spent regenerant was saved and analyzed for phosphate for both M and FO
resins throughout each regeneration experiment in this research. After analyzing the entire spent
regenerant in the desorption experiment for sodium chloride, 67.5% of the phosphate was
recovered from the M resin after 4 hr, which amounted to 104.2 mg. Only 3.0% of the phosphate
was recovered from the FO resin after 4 hr, equating to 5.3 mg.
Phosphate desorption diminished substantially between the 20 and 50 min sampling
periods and there was essentially no more desorption after 1 hr. It is important to determine the
duration of phosphate desorption runs required to elute as much phosphate as possible without
using excess regenerant solution. One hour was sufficient for maximum phosphate desorption.
However, due to the slow flow rate in the peristaltic pump, there was a lack of spent regenerant
to analyze in-house and at EAI after only an hour. In order to have enough spent regenerant, a
regeneration run time of 2.5 hr was selected.
Two regeneration runs were performed with sodium chloride, one on October 9, 2014
and the other on November 6, 2014. After 2.5 hr of regeneration, the FO resin was able to desorb
an average of 2.9% (standard deviation = +/- 1.5) or 6.2 mg (standard deviation = +/- 3.3) of
phosphate, while the M resin was able to desorb an average of 89.5% (standard deviation = +/-
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9.7) or 109.9 mg (standard deviation = +/- 4.0) of phosphate. These results indicated that sodium
chloride was a good regenerant for M resin and a poor regenerant for FO resin.
4.3.2

Regeneration with NaCl & NaOH
A combination of sodium chloride and sodium hydroxide was the next regenerant

solution used to desorb phosphate from the resins. This combination of regenerants was chosen
as a regenerant solution because it is typically employed in practice with successful desorption
results (Blaney et al., 2007; O'Neal & Boyer, 2013; Drenkova-Tuhtan et al., 2013). The results of
the phosphate desorption with sodium chloride and sodium hydroxide can be seen in Figures
4-12 and 4-13. After analyzing the entire spent regenerant for sodium chloride and sodium
hydroxide, 110.6% of the phosphate was recovered from the M resin after 4 hr, which amounted
to 112.1 mg. Only 4.5% of the phosphate was recovered from the FO resin after 4 hr, equating to
9.8 mg. Phosphate desorption again diminished substantially between the 20 and 50 min
sampling periods and there was essentially no more desorption after 1 hr.
The M resin seemed to desorb over 100% of the adsorbed phosphate, but this is not
physically possible. This false conclusion likely stems from the assumptions that had to be made
for the phosphate mass balance. The average mass of phosphate that was adsorbed per gram of
resin was assumed based on the difference between the average initial and final phosphate
concentrations in the jars during the jar test. If more phosphate was adsorbed than the average
prediction, this would lead to more phosphate desorbed than expected, which could explain why
the phosphate recovery appeared to exceed 100%. It was concluded that noise in the data was the
problem, and that the detection limit of the UV-spectrophotometer was not a concern.
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Figure 4-12: Phosphate Desorption of FO and M Resins (NaCl & NaOH run on Oct. 14,
2014)
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Figure 4-13: Cumulative Phosphate Desorption of FO and M Resins (NaCl & NaOH run
on Oct. 14, 2014)

Two regeneration runs were performed with sodium chloride and sodium hydroxide, one
on October 16, 2014 and the other on October 21, 2014. After 2.5 hr of regeneration, the FO
resin was able to desorb an average of 3.1% (standard deviation = +/- 0.3) or 6.9 mg (standard
deviation = +/- 0.8) of phosphate, while the M resin was able to desorb an average of 72.3%
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(standard deviation = +/- 8.4) or 86.5 mg (standard deviation = +/- 17.1) of phosphate. Based on
percent of desorbed phosphate, these results indicated that the combination of sodium chloride
and sodium hydroxide was a good regenerant for M resin and a poor regenerant for FO resin.
This desorption performance is not consistent with literature. The reason for this
discrepancy is likely because there was not enough sodium hydroxide in the regenerant solution
compared to literature. In my research, 0.03 mL of 40% sodium hydroxide solution was added to
3.2 L of 5.8% sodium chloride solution. Thus, the amount of sodium hydroxide was roughly
0.004% of the regenerant solution, which is about 2% less than that found in literature (Blaney et
al., 2007; O'Neal & Boyer, 2013). A greater concentration of hydroxide anions was likely needed
to desorb more phosphate. Only 0.03 mL of sodium hydroxide was used for the purpose of
increasing the pH to 9.5. A pH of 9.5 was thought to allow for better phosphate recovery than
just sodium chloride alone, and would be less hazardous and therefore safer to work with than
the 2% sodium hydroxide solution found in literature for combined sodium chloride and sodium
hydroxide.
4.3.3

Regeneration with NaOH
Sodium hydroxide was the third regenerant solution used to desorb phosphate from the

resins. The results of the phosphate desorption with sodium hydroxide can be seen in Figures
4-14 and 4-15. After analyzing the entire spent regenerant for sodium hydroxide, 90.1% of the
phosphate was recovered from the M resin after 4 hr, which amounted to 97.3 mg. 90.4% of the
phosphate was recovered from the FO resin after 4 hr, equating to 185.2 mg. Phosphate
desorption again diminished substantially between the 20 and 50 min sampling periods and there
was essentially no more desorption after 1 hr.
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Figure 4-14: Phosphate Desorption of FO and M Resins (NaOH run on Oct. 23, 2014)
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Figure 4-15: Cumulative Phosphate Desorption of FO and M Resins (NaOH run on Oct. 23,
2014)

Two regeneration runs were performed with sodium hydroxide, one on October 30, 2014
and the other on November 4, 2014. After 2.5 hr of regeneration, the FO resin was able to desorb
an average of 110.3% (standard deviation = +/- 16.0) or 223.5 mg (standard deviation = +/- 22.5)
of phosphate, while the M resin was able to desorb an average of 96.0% (standard deviation = +/68

1.1) or 102.2 mg (standard deviation = +/- 6.7) of phosphate. Again, the reason that the FO resin
seemed to desorb over 100% of the phosphate was a consequence of the assumptions that had to
be made for the phosphate mass balance. Based on percent of desorbed phosphate, these results
indicated that sodium hydroxide was a good regenerant for the M and FO resins.
4.3.4

Regeneration with Ca(OH)2
Calcium hydroxide was the fourth regenerant solution used to desorb phosphate from the

resins. Calcium hydroxide was chosen as a regenerant solution because it is typically applied to
farmland to increase soil pH, making soil conditions more favorable for nutrient uptake. This
regenerant solution is more desirable to apply to land than sodium because sodium breaks up the
soil structure and calcium does not. The presence of sodium in soil can lead to “hardsetting”
which is the compaction of soil, without the use of externally applied forces, after exposure to
fluctuating wet and dry conditions (Connolly, 1998). Hard soils are characterized by “reduced
infiltration and problems with plant emergence and root growth” (Connolly, 1998). Additionally,
the positive charge on the monovalent sodium cation is not enough to counteract the negative
repulsion forces between clay particles and organic matter in the soil (Goyne & Mayhan, 2015).
Therefore, the soil particles do not flocculate, which leads to soil with a lack of structure (Goyne
& Mayhan, 2015).
The results of the phosphate desorption with calcium hydroxide can be seen in Figures
4-16 and 4-17. After analyzing the entire spent regenerant for calcium hydroxide, only 4.5% of
the phosphate was recovered from the M resin after 4 hr, which amounted to 6.4 mg. The FO
resin performed even worse with calcium hydroxide because 0.4% of the phosphate was
recovered from the FO resin after 4 hr, equating to ~1 mg.
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Figure 4-16: Phosphate Desorption of FO and M Resins (Ca(OH)2 run on Jan. 6, 2015)
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Figure 4-17: Cumulative Phosphate Desorption of FO and M Resins (Ca(OH)2 run on Jan.
6, 2015)

Calcium hydroxide is only sparsely soluble in water and was therefore only able to be
applied at a concentration of 1.5 g/L to RO water for the regenerant solution. This concentration
of calcium hydroxide equates to 0.1 moles of hydroxide anions for these runs compared to the
3.2 moles of hydroxide anions used in the sodium hydroxide and potassium hydroxide runs. Due
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to the small amount of calcium hydroxide in the regenerant solution, it is very likely that there
were not enough hydroxide anions to sufficiently desorb phosphate from either resin. The
unacceptable desorption performance of calcium hydroxide was the reason that it was deemed
unfit for regeneration and not used in any regeneration runs following this experiment.
4.3.5

Regeneration with KOH
Potassium hydroxide was the fifth regenerant solution used to desorb phosphate from the

resins. Potassium hydroxide was chosen as a regenerant solution because it is beneficial to apply
to farmland due to its contribution of potassium, a necessary nutrient to grow crops. This
regenerant solution is also more desirable to apply to land than sodium because sodium breaks
up the soil structure and potassium does not.
The results of the phosphate desorption with potassium hydroxide can be seen in Figures
4-18 and 4-19. After analyzing the entire spent regenerant for potassium hydroxide, 53.7% of the
phosphate was recovered from the M resin after 4 hr, which amounted to 97.1 mg. 81.2% of the
phosphate was recovered from the FO resin after 4 hr, equating to 199.2 mg. The desorption of
phosphate again diminished substantially between the 20 and 50 min sampling periods and there
was essentially no more desorption after 1 hr.
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Figure 4-18: Phosphate Desorption of FO and M Resins (KOH run on Jan. 8, 2015)
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Figure 4-19: Cumulative Phosphate Desorption of FO and M Resins (KOH run on Jan. 8,
2015)

Three regeneration runs were performed with potassium hydroxide on January 13, 2015,
January 20, 2015, and January 26, 2015. Three runs were performed instead of two because the
first two runs showed a big difference between the percentages of desorbed phosphate from the
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M resin. However, the mass of phosphate desorbed from the M resin in all three runs was very
consistent.
Two of the three potassium hydroxide runs desorbed less than 70% of the adsorbed
phosphate, but the third run desorbed 100%. After further investigation, it was discovered that
the two potassium hydroxide runs, which desorbed only 68 and 67% of the adsorbed phosphate,
also had the highest initial concentrations of phosphate in the ADL prior to jar testing. Typical
initial phosphate concentrations in the ADL ranged from 160-200 mg/L, but these two jars had
concentrations of 226 and 240 mg/L. Initial phosphate concentration seemed to have a direct
correlation with loading rate of phosphate onto the resins with r2 values of 0.77 and 0.73 for M
and FO resins, respectively, as shown in Figure 4-20. This is true for the two potassium
hydroxide jars that desorbed smaller percentages of phosphate, because they had the highest
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phosphate loading rate for M resin and the highest initial phosphate concentrations.
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Figure 4-20: Phosphate Loading Rate Compared to Initial Phosphate Concentration in
Jars

73

Loading rate is directly related to mg of phosphate desorbed as seen in Figure 4-21 with
an r2 value of 0.82. The two potassium hydroxide runs had high loading rates which resulted in
large quantities of phosphate desorbed from the resins, proving the relationship between loading
rate and mg of phosphate desorbed to be valid. It is understandable that more phosphate adsorbed
leads to more phosphate desorbed. However, the potassium hydroxide run that desorbed over
100% of the phosphate also produced the same quantity of phosphate as the two runs that
desorbed less than 70% of the phosphate. One hypothesis as to why two of the runs did not
desorb more phosphate was that there was so much phosphate on the M resin that the regenerant
solution did not have a high enough concentration of hydroxide ions to regenerate more than 120
mg of phosphate. There may be a maximum desorption capability using the regenerant solutions
on the M resin, which could have led to low percent desorbed phosphate.
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Figure 4-21: Phosphate Loading Rate Compared to Phosphate Adsorption and Desorption

After 2.5 hr of regeneration, the FO resin was able to desorb an average of 107.4%
(standard deviation = +/- 10.4) or 254.2 mg (standard deviation = +/- 13.2) of phosphate, while
the M resin was able to desorb an average of 78.7% (standard deviation = +/- 19.6) or 121.7 mg
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(standard deviation = +/- 1.2) of phosphate. The reason that the FO resin seemed to desorb over
100% of the adsorbed phosphate was a consequence of the assumptions that had to be made for
the phosphate mass balance. Based on percent of desorbed phosphate, these results indicated that
potassium hydroxide was a good regenerant for M resin and a very good regenerant for FO resin.
4.3.6

Comparison of all Five Regenerant Solutions
Figures 4-22 to 4-25 were created to better compare the phosphate desorption of all five

regenerant solutions from the FO and M resins. Figures 4-22 and 4-24 show that potassium
hydroxide and sodium hydroxide were the only regenerant solutions to effectively desorb
phosphate from the FO resin. This desorption was indicated by the spike in the concentration of
eluted phosphate for those two regenerant solutions in Figure 4-22 and the high desorption
percentages compared to the other regenerant solutions in Figure 4-24. Potassium hydroxide and
sodium hydroxide contained 3.2 moles of hydroxide anions which allowed for the comparison of
these regenerant solutions on an equivalent basis.
Figures 4-23 and 4-25 show that all regenerant solutions, except calcium hydroxide, were
able to desorb a substantial portion of the phosphate from the M resin. Measurements were not
taken during the 0-10 min interval for the sodium chloride run because this was not yet
determined to be an important sampling interval. This affected the sodium chloride runs in
Figures 4-23 and 4-25, because these figures would likely have higher initial phosphate
concentrations if sampling was performed from 0-10 min. It is also likely that Figure 4-25 would
stabilize at a higher cumulative phosphate concentration for sodium chloride had sampling been
carried out during that time interval.
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The data in Figures 4-22 to 4-25 was compiled from regeneration experiments that lasted
4 hr. Only the first 2.5 hr are graphed in Figures 4-22 and 4-23 because the remaining 1.5 hr
showed that no more phosphate was being desorbed from any of the regenerant solutions.
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Figure 4-22: Comparison of Phosphate Desorption for FO Resin using KOH, Ca(OH)2,
NaOH, NaCl & NaOH, and NaCl
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Figure 4-23: Comparison of Phosphate Desorption for M Resin using KOH, Ca(OH)2,
NaOH, NaCl & NaOH, and NaCl
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Figure 4-24: Comparison of Cumulative Phosphate Desorption for FO Resin using KOH,
Ca(OH)2, NaOH, NaCl & NaOH, and NaCl
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Figure 4-25: Comparison of Cumulative Phosphate Desorption for M Resin using KOH,
Ca(OH)2, NaOH, NaCl & NaOH, and NaCl
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4.3.7

Comparison of Four Viable Regenerant Solution Runs
The outcome of the regeneration runs for the four viable regenerant solutions is seen in

Figure 4-26. In some cases in Figure 4-26 the error bars are too small to be visible. Potassium
hydroxide and sodium hydroxide were the only regenerant solutions that effectively desorbed
phosphate from the FO resin, and all of the regenerant solutions seemed to effectively desorb
phosphate from the M resin. It is important to confirm which regenerant was significantly better
for the FO and M resins, which is why a statistical analysis software program was used.

Figure 4-26: Comparison of FO and M Resin Average Phosphate Desorption (Jar Tested
with Newmarket ADL)
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Analysis of Variance (ANOVA) statistical investigations were completed using JMP Pro
11 (Cary, NC) software to compare the means for the four regenerant solutions with respect to
phosphate desorption. The first analysis compared the means of the percentages of desorbed
phosphate from FO resin (Figure 4-27). Supplementary data from this analysis can be found in
APPENDIX I – JMP Pro 11 Supplementary Data.
There were four options in JMP Pro 11 for comparing group means: Student’s t, TukeyKramer, Hsu, and Dunnett’s. The method chosen to compare the means of the four regenerant
solutions in my research was the Student’s t test. Student’s t makes comparisons between pairs of
data points and is the most powerful approach in order to find real statistical differences.
However, the Student’s t method has the highest false discovery problem in which the null
hypothesis is rejected when it is actually true. False discoveries are minimized when fewer
means are compared using this method. According to Dr. Phil Ramsey, an expert in design of
experiments and statistical analysis at UNH, Student’s t is compatible for groups of five means
or less (Personal Communication; October 1, 2014).
Tukey-Kramer tests the significance of all combinations of pairs within a group of data
points, while maintaining low false discovery rates. However, there is less power to find real
differences with this method. Tukey-Kramer should be used with large groups of 6-8 means or
more (Dr. Phil Ramsey, Personal Communication; October 1, 2014). Hsu determines if there are
maximum or minimum data points that are significantly different. Dunnett’s compares the set of
means against the mean of a control group. Both Hsu and Dunnett’s methods use fewer
comparisons and thus have fewer false discoveries. There is no such thing as a correct
comparison method, but there are methods that may work better depending on the goal and
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circumstances. In my case, Student’s t works best because of the small number of means being
compared and the powerful approach to find real statistical differences.
Figure 4-27 includes a data analysis plot, ANOVA table, and means for oneway ANOVA
table. The analysis plot displays sets of data points from each regenerant solution in diamond
configurations (mean diamonds). The middle horizontal line in the diamond signifies the mean,
and the distance from the top point of the diamond to the bottom point represents the 95%
confidence interval. The top and bottom triangular sections of each mean diamond represent the
“(1-alpha)x100 confidence interval for each group” (SAS Institute Inc.; Cary, NC). The
confidence intervals were created with the assumption that equal variances exist across
measurements (SAS Institute Inc.). The analysis plot in Figure 4-27 showed two sets of mean
diamonds with overlapping confidence intervals: (1) potassium hydroxide and sodium hydroxide
and (2) sodium chloride and combined sodium chloride and sodium hydroxide. Overlapping
confidence intervals imply that the solutions are not significantly different.
The Student’s t comparison circles to the right of the analysis plot are another method to
determine whether the regenerant solutions were significantly different. In Figure 4-27, the
Student’s t method revealed one comparison circle completely contained inside the other for the
potassium hydroxide and sodium hydroxide regenerants and two completely overlapping circles
for the sodium chloride and combined sodium chloride and sodium hydroxide regenerants.
Overlapping circles with outside intersection angles of greater than 90 degrees imply that the
means of those regenerant solutions are not significantly different, intersection angles close to 90
degrees are borderline significantly different, and intersection angles less than 90 degrees are
significantly different according to the JMP Pro 11 comparison circles description (SAS Institute
Inc.). In this scenario, both sets of overlapping circles fall into the category of intersection angles
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greater than 90 degrees because at least one circle in each set overlaps completely with the other
circle. Therefore, the Student’s t comparison circles showed no significant difference between
(1) potassium hydroxide and sodium hydroxide, and (2) sodium chloride and combined sodium
chloride and sodium hydroxide.
The information of importance in the ANOVA table is the Prob > F value which is less
than 0.0001 (Figure 4-27). The Prob > F value is typically less than 0.05 for two or more of the
means to be significantly different. Therefore, the Prob > F value of less than 0.0001 indicated
that two or more of the means were significantly different. The ANOVA table did not specify
which means were significantly different, but the means for oneway ANOVA table did make this
distinction. Upper and lower 95% confidence intervals are provided in the means for oneway
ANOVA table, and significantly different regenerant solutions have confidence intervals that do
not overlap with any other confidence interval listed. The overlapping of the 95% confidence
intervals in Figure 4-27 supported the conclusions from the analysis plot and Student’s t analysis.
The results showed no significant difference between: (1) potassium hydroxide and sodium
hydroxide, and (2) sodium chloride and combined sodium chloride and sodium hydroxide.
The JMP Pro 11 statistical analysis for the FO resin confirmed that potassium hydroxide
and sodium hydroxide significantly outperformed sodium chloride and the combined sodium
chloride and sodium hydroxide regenerant solutions in terms of desorbing greater percentages of
phosphate. However, it was not possible to determine which regenerant solution was
significantly better when comparing potassium hydroxide and sodium hydroxide with a 95%
confidence.
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Figure 4-27: Oneway Analysis of % Desorbed Phosphate for FO Resin

The next JMP Pro 11 analysis compared the means of percentages of desorbed phosphate
from M resin (Figure 4-28). Supplementary data from this analysis can be found in APPENDIX I
– JMP Pro 11 Supplementary Data. The Student’s t method was also chosen to compare the
means of the four regenerant solutions for the M resin.
Figure 4-28 includes a data analysis plot, ANOVA table, and means for oneway ANOVA
table. The analysis plot showed that all of the mean diamonds had overlapping confidence
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intervals which implied that none of the regenerant solutions were significantly different. The
Student’s t comparison circles to the right of the analysis plot were another method to determine
whether the regenerant solutions were significantly different. The Student’s t circles for all of the
regenerant solutions overlapped with outside intersection angles greater than 90 degrees. These
results also indicated that none of the regenerant solutions were significantly different in terms of
the percentage of phosphate desorbed.
The information of importance in the ANOVA table is the Prob > F value which was
0.3850 in Figure 4-28. As explained earlier, the Prob > F value is typically less than 0.05 for two
or more of the means to be significantly different. None of the regenerant solutions were
significantly different according to the ANOVA table in Figure 4-28. The ANOVA table did not
specify which means were significantly different, but the means for oneway ANOVA table did
make this distinction. Upper and lower 95% confidence intervals were provided in the means for
oneway ANOVA table, and significantly different regenerant solutions had confidence intervals
that did not overlap with any other confidence interval listed. In Figure 4-28, the means table
again supported the conclusions from the analysis plot and Student’s t analysis which showed no
significant differences among any of the regenerant solutions for percentage of desorbed
phosphate.
The JMP Pro 11 statistical analysis for the M resin confirmed that none of the regenerant
solutions could be distinguished based on percentage of phosphate desorbed. Based on these
results, the regenerant solutions were not significantly different for the M resin.
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Figure 4-28: Oneway Analysis of % Desorbed Phosphate for M Resin

4.4 Issues Related to Anaerobic Digester Liquor and Ion Exchange
The plan at the start of this research was to use ADL at three local wastewater treatment
plants. The sampled wastewater would then be incorporated into jar tests and regenerated in
column experiments using sodium chloride, a combination of sodium chloride and sodium
hydroxide, and sodium hydroxide. This plan worked well for the ADL at the Newmarket
Wastewater Treatment Plant.
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Two sampling trips were taken to the Nashua, NH wastewater treatment plant on
November 17, 2014 and November 21, 2014. The samples were jar tested for 24 hr and the
results for 1 hr can be seen in Figures 4-29 and 4-30. The percentage of phosphate adsorbed to
the resin in Figures 4-29 and 4-30 should have steadily increased over time and eventually
flattened out when a maximum adsorption of phosphate was achieved. This is not the case
however, because the percentage of adsorption fluctuated seemingly randomly for the FO resin
in Figure 4-29 and for both resin types in Figure 4-30. The difference between the runs on
November 17th and 21st was that the first run was tested directly after sampling, and the second
run was left undisturbed for three days to settle by gravity before being tested.
The issue with both of these samples was likely the high level of solids in the Nashua
ADL that interfered with ion exchange. This conclusion was drawn based on the visual
comparison of the Newmarket and Nashua ADLs. The Nashua ADL appeared much darker with
a lot more solid matter, and the resin could hardly be seen mixing during the jar test. The
Newmarket ADL was much more transparent and both the M and FO resins were visible while
mixing. Gravity settling prior to the second jar test run with Nashua ADL still did not remove
enough solids for proper ion exchange to occur.
The solids difference between Newmarket and Nashua wastewater treatment plants can
be explained by the difference in full scale operations, sampling locations, and influent at the
plants. Newmarket has two cylindrical anaerobic digesters that operate in series, the first is
completely mixed and the second acts as a settling basin. Nashua has one egg-shaped digester
which is completely mixed. The capacity is different at each plant as well with 0.85 MGD at
Newmarket and 16 MGD at Nashua. At Newmarket, the ADL was sampled from the top of the
secondary digester and at Nashua the ADL was sampled from a pipeline that was transporting
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the ADL from the bottom of the digester to the belt filter press for dewatering. The influent
wastewater at Newmarket is solely residential, whereas the influent wastewater at Nashua is a
mix of residential and industrial. All of these differences explain why Nashua has a greater solid
content than Newmarket. The most likely cause for the discrepancy in solid content is the
complete mixing of ADL at Nashua versus the settling at Newmarket.
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Figure 4-29: FO and M Resin Phosphate Adsorption (Nashua ADL run on Nov. 17, 2014)
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Figure 4-30: FO and M Resin Phosphate Adsorption (Nashua ADL run on Nov. 24, 2014)
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The third location was the Lewiston and Auburn Water Pollution Control Authority
(LAWPCA) in Lewiston, ME. One sampling trip was taken to Lewiston on December 2, 2014.
The results for the first 5 hr of the jar tests from LAWPCA revealed that the percentage of
phosphate adsorbed was constantly in flux. Therefore, it was determined that testing the sample
for the entire 24 hr would be futile. Ideally, the percentage of phosphate adsorbed should have
steadily increased over time until a maximum was reached, at which point the graph should have
flattened. This was not the case for the LAWPCA sample; especially for the M resin (Figure
4-31). These poor results indicated that there was an interference with phosphate adsorption onto
the resin, similar to the problems encountered at Nashua. Nashua and LAWPCA are comparable
because they both have completely mixed anaerobic digesters. Newer digesters are typically
completely mixed because it makes them more efficient; however, the complete mixing also
seemed to be the main cause of the high solids content in the ADL.
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Figure 4-31: FO and M Resin Phosphate Adsorption (LAWPCA ADL run on Dec. 2, 2014)
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Before jar testing the LAWPCA sample, the ADL was centrifuged at 3000 rpm for 5 min
and then at 4000 rpm for 5 min. The sample was centrifuged as a way to physically remove the
particulate matter without removing any dissolved phosphate. The poor results in Figure 4-31,
dark color of the sample, and visible particulate matter even after centrifuging indicated that the
high level of solids still interfered with ion exchange. It was then decided that another physical
process would be necessary in addition to centrifuging to remove enough solids from the ADL
before it could be used effectively for ion exchange.
The difficulties using ADL from Nashua and LAWPCA with ion exchange proved that
solids are an important issue that can inhibit the successful adsorption of phosphate ions onto the
resin. In my research, the solids could not be effectively separated and thus the ADL from
Nashua and LAWPCA were not amenable to ion exchange processes. Ion exchange may not be
suitable for all ADL sources without significant research being needed to develop a better
pretreatment to remove the solids.

4.5 Comparison of Results with Phosphate Standards
Phosphate standards were used in jar tests to estimate the maximum performance of
phosphate adsorption when only phosphate anions were present in solution and to evaluate the
degree of fouling from the background organic and particulate matrix of the ADL. The resins
from these phosphate standard jar tests were then regenerated with sodium chloride, a
combination of sodium chloride and sodium hydroxide, sodium hydroxide, and potassium
hydroxide. The objective of regenerating these resins was to evaluate the maximum performance
of phosphate desorption when only phosphate anions were present on the resins.
The phosphate adsorption with phosphate standards using M and FO resin can be seen in
Figures 4-32 and 4-33. These graphs show the percentage and mass of adsorbed phosphate at the
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conclusion of each jar test based on the initial phosphate concentration in each jar. The initial
concentration of 200 mg/L was selected because it closely resembled the initial phosphate
concentration in the Newmarket ADL. An evaluation of all the jar tests with phosphate standards
showed an average initial phosphate concentration for each jar of 191.6 mg/L with a standard
deviation of +/- 16.4. The resulting percentages and masses of phosphate adsorbed to the resin
showed some variation (Figures 4-32 and 4-33). In order to determine whether this variation was
within normal experimental error, Dixon’s Q-test was used to check for outliers among these
data points. Dixon’s Q-test established that there were not any outliers among the phosphate
masses adsorbed to the resins, but that the two lowest percentages of phosphate adsorbed to the
FO resin were outliers as shown in Dixon’s Q outlier results in APPENDIX F – Jar Test Raw
Data. Mass of phosphate adsorbed is a more reliable metric than percentage of phosphate
adsorbed because there are fewer uncertainties in the measurements. Therefore, it could be
concluded that the observed values for adsorption using phosphate standards were within
expected variability and none of the data points were removed as outliers.
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Figure 4-32: Comparison of FO and M Resin Phosphate Adsorption (Standards, n=1 for
each data point)

Figure 4-33: Comparison of FO and M Resin Phosphate Adsorption (Standards, n=1 for
each data point)

Figure 4-34 shows the phosphate loading for the FO and M data points from Figure 4-33.
Neither the FO nor the M resin data behaved as predicted, which would have been greater
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phosphate loadings corresponding to greater final phosphate concentrations remaining in the jar.
There seemed to be too much resin or too little phosphate present for the linear portion of the
isotherm curve to be visible for the FO resin data. The M resin data appears to be linear which
suggests that the phosphate concentrations in the jar exceeded the maximum sorption capacity
for the resin. The results for FO and M resins in Figure 4-34 demonstrate that the phosphate
loadings were such that the linear portion of the isotherm curve was not well captured. More
resin would have been required to see that portion of the curve for the M resin, and less resin
would have been required to see that portion of the curve for the FO resin.
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Figure 4-34: FO and M Resin Phosphate Standards Adsorption Isotherms (n=1 for each
data point)

Figure 4-35 is a compilation of all of the adsorption runs for the M and FO resins. The M
resin had an average adsorption of 79.4% (standard deviation = +/- 9.6) or 302.9 mg (standard
deviation = +/- 28.3) of phosphate and the FO resin had an average adsorption of 98.3%
(standard deviation = +/- 2.6) or 377.1 mg (standard deviation = +/- 47.9) of phosphate. The fact
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that the FO resin adsorbed more phosphate than the M resin is most likely because of the
difference in phosphate capacity for each resin. The average phosphate capacities in my research
using phosphate standards was 6.3 and 5.0 mg phosphate/g resin for FO and M resins,
respectively. Unfortunately, it was not possible to compare these with literature values of
phosphate capacities for these resins because none have been published. Another potential
explanation for better adsorption performance for the FO resin was the fact that it is phosphateselective which allows for superior bond formation between the FO resin and phosphate
compared to the bond between the M resin and phosphate.

Figure 4-35: Comparison of FO and M Resin Average Phosphate Adsorption (Standards)

When comparing Figure 4-9 in Section 4.2 and Figure 4-35, it is evident that the FO and
M resins were able to adsorb more phosphate in jar tests with phosphate standards than with
ADL. These results were expected because ADL contains a plethora of substances that have the
ability to interfere with phosphate adsorption onto the resins, most commonly organic matter and
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sulfate. Organic matter is especially a concern because it irreversibly fouls the resin (Gönder et
al., 2006). Irreversible fouling leads to decreased capacity of the resin bed and less recovery of
phosphate. Sulfate can also adsorb to the resin which interferes with phosphate recovery. The
standards should only contain phosphate anions, consequently allowing for maximum phosphate
adsorption to occur. There was a greater difference between the adsorption capabilities of M
resin when comparing phosphate standards and ADL than there was for the FO. FO resin is
phosphate-selective which makes it more difficult for anions such as organic matter and sulfate
in ADL to adsorb to the resin. The M resin likely adsorbed these anions from ADL because the
resin is not phosphate-selective and therefore performed much worse with ADL than with
phosphate standards.
Figure 4-36 shows the average percentages and masses of desorbed phosphate from FO
and M resins using four regenerant solutions. A JMP Pro 11 statistical analysis was performed on
these results. For FO resin, there was no significant difference between potassium hydroxide and
sodium hydroxide in terms of percentage of desorbed phosphate. Additionally, potassium
hydroxide and sodium hydroxide significantly outperformed the other two regenerant solutions.
The analysis for the M resin showed that none of the regenerant solutions were significantly
different with respect to percentage of desorbed phosphate. This was the same outcome for the M
and FO resin from the JMP Pro 11 results in Section 4.3.7.
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Figure 4-36: Comparison of FO and M Resin Average Phosphate Desorption (Standards)

A comparison of the amount of desorbed phosphate demonstrated that the M resin
desorbed greater percentages and masses of phosphate after being tested with phosphate
standards versus ADL. As for the FO resin, there was not much difference between the
phosphate standards and ADL. This is likely because the FO resin performed so well at
adsorbing phosphate even in ADL that the results with phosphate standards were basically
indistinguishable.

4.6 Comparison of EAI and UNH Results
Spent regenerant samples were analyzed in-house and by EAI. All samples were
produced and analyzed in the UNH lab on the same day. A portion of these samples was bottled
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and stored overnight at UNH according to EAI protocol, and collected the next day by EAI for
analysis. The constituents measured at EAI and UNH were sulfate, nitrate-nitrogen, and
orthophosphate-phosphorus (Table 4-1).
Table 4-1: Sulfate, Nitrate-N, and Orthophosphate-P Results from EAI and UNH

4.6.1

Orthophosphate-P Comparison
JMP Pro 11 was used to determine if there was a significant difference between EAI and

UNH results for orthophosphate-phosphorus. There was not enough data to compare the sodium
chloride results to determine if a significant difference existed, but the other three regenerant
solutions were able to be statistically analyzed. In order to test for significant differences,
ANOVA tests were performed and the Tukey-Kramer method of comparing means was
incorporated into the JMP analysis. The Tukey-Kramer method was chosen instead of the other
three methods to compare means (described in section 4.3.7) because Tukey-Kramer works well
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with 6-8 means or more and this analysis compared six means: three for EAI and three for UNH.
The outcome of the ANOVA tests and Tukey-Kramer comparison showed that there were not
any significant differences between EAI and UNH results for orthophosphate-phosphorus when
the comparison was made using the same resin type and regenerant (Figures 4-37 and 4-38).

Figure 4-37: Oneway Analysis of mg/L Orthophosphate-P for FO Resin
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Figure 4-38: Oneway Analysis of mg/L Orthophosphate-P for M Resin

Both ANOVA tables (Figures 4-37 and 4-38) have Prob > F values less than 0.05
signifying that the data was significantly different. However, the connecting letters reports and
ordered differences reports in APPENDIX I – JMP Pro 11 Supplementary Data for the
Orthophosphate-P Comparison showed that the significant differences did not exist between EAI
and UNH data when making comparisons with the same regenerant and resin type. This
confirmed that the EAI and UNH data had equal means, thus providing more confidence in the
orthophosphate-phosphorus concentrations in Table 4-1.
4.6.2

Sulfate Comparison
A JMP analysis was not needed to conclude that there were vast differences between EAI

and UNH data when comparing sulfate and nitrate-nitrogen concentrations (Table 4-1). The
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sulfate concentrations recorded by EAI resembled the UNH sulfate results for two of the
regenerant solutions: sodium chloride and the combined sodium chloride and sodium hydroxide
solution, but the sodium hydroxide and potassium hydroxide results are markedly different. One
reason for these differences could be that different methods were employed by EAI and UNH to
measure sulfate. The sulfate analyses completed in-house were performed using Method 8051
for the DR 2000 UV-spectrophotometer (APPENDIX D – HACH DR 2000 Analyses) and the
sulfate analyses completed by EAI were performed using EPA Method 300.0 which uses ion
chromatography. According to Michael Serard (EAI), ion chromatography has less chance of
interference or suppression than UV-spectrophotometer analyses (Personal Communication;
March 5, 2015).
The interfering substances listed for Method 8051 for the DR 2000 UVspectrophotometer are barium, calcium, chloride, magnesium, and silica. Out of the constituents
listed, the only substance known to interfere from my research was chloride. The concentration
of chloride exceeded 40,000 mg/L, qualifying it as an interfering substance in the tests that used
the combined sodium chloride and sodium hydroxide solution. However, the potential
interference did not seem to pose a problem because EAI and UNH sulfate results for the
combined sodium chloride and sodium hydroxide were both very similar for each resin type.
The greatest differences in sulfate measurements between EAI and UNH occurred in tests
with potassium hydroxide and sodium hydroxide regenerant solutions, especially in combination
with FO resin. Extreme pH could have been a cause for interference for potassium hydroxide and
sodium hydroxide. EAI adjusted for pH before measuring for sulfate, whereas UNH did not. The
reason that the sodium chloride and combined sodium chloride and sodium hydroxide results
came out well at UNH is likely because the samples had to be diluted 1:25 before analysis.
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Dilution overcomes interferences such as chloride and pH. The samples for potassium hydroxide
and sodium hydroxide were not diluted at UNH because the initial samples without dilution
could be read in the UV-spectrophotometer and it was assumed that no dilution was required.
It is highly likely that EAI’s sulfate results were more accurate for potassium hydroxide
and sodium hydroxide than the UNH results, because the virgin FO resin is manufactured with a
high concentration of sulfate. This information was discovered in experiments performed inhouse that regenerated virgin FO resin with two separate regenerant solutions: sodium chloride
and the combined sodium chloride and sodium hydroxide solution. The results in Figure 4-39
demonstrated that there was hardly any sulfate in the regenerant solution at the start of the
experiment and Figure 4-40 displayed large amounts of sulfate in the final regenerant solutions.
Thus, it can be hypothesized that large concentrations of sulfate eluted from the resin with
sodium hydroxide and potassium hydroxide regenerant solutions.
According to Carl Majewski, extension field specialist in food and agriculture from UNH
Cooperative Extension, the application of sulfate onto farmland is typical because potassium
sulfate is the second most common potassium fertilizer on the market (Personal Communication;
October 29, 2014). Sulfates are good depending on the cropping system; dairy farms have a lot
of sulfur already whereas cash cropping would benefit from added sulfate (Carl Majewski,
Personal Communication; October 29, 2014). This means that the sulfate desorbed into the
regenerant solution on farmers’ fields has the potential to have positive impacts in some farming
scenarios.
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Figure 4-39: Initial Sulfate Concentration in Regenerant using Virgin FO Resin
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Figure 4-40: Final Sulfate Concentration in Regenerant using Virgin FO Resin

The presence of sulfate in the ADL may have affected the adsorption of phosphate onto
the resins, especially the M resin which is not phosphate-selective. Sulfate was not present on the
M resin or in any of the initial regenerant solutions; however it was measured in the final spent
regenerant for the M resin (Table 4-1) which meant that it was adsorbed to the resin during the
jar tests. It is more difficult to determine if sulfate was adsorbed to the FO resin in the jar tests
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because of the large amount of sulfate that is on the virgin resin and subsequently desorbed
during the regeneration process. Although phosphate has a greater valence charge than sulfate,
which is generally more preferred in terms of ion selectivity (Inamuddin & Luqman, 2012;
Roakes, 2014), there is still the chance that sulfate will be adsorbed instead of phosphate as
proven by the sulfate in the spent regenerant from the M resin. The adsorption of sulfate reduces
the resin’s capacity for phosphate adsorption which could be a problem for ADL sources at
wastewater treatment plants with large concentrations of sulfate in the influent, especially for the
full scale application of this process. If there was a high influent sulfate concentration, the
potential consequences could be the reduction of phosphate applied to farmland and
eutrophication problems caused by the release of more phosphate into receiving waters.
4.6.3

Nitrate Comparison
The other difference between the EAI and UNH data was within the nitrate-nitrogen

results. The nitrate-nitrogen concentrations analyzed by EAI is almost always less than 0.5 mg/L
but the nitrate-nitrogen concentrations analyzed by UNH vary from 3.3 to 21.3 mg/L. These
concentration differences, similar to the situation with sulfate, may have arisen from the use of
different methods employed by EAI and UNH. The in-house nitrate-nitrogen analyses were
performed using Method 8039 for the DR 2000 UV-spectrophotometer (APPENDIX D – HACH
DR 2000 Analyses) and the sulfate analyses completed by EAI were performed using EPA
Method 353.2 which uses automated colorimetry.
The interfering substances listed for Method 8039 for the DR 2000 UVspectrophotometer are strong oxidizing and reducing substances, ferric iron, chloride, and
extreme pH. All of the constituents listed were interfering substances of concern for my research.
Potassium and sodium are strong reducing agents and at least one of these was found in high
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concentrations in all of the regenerant solutions. Ferric iron comprised a majority of the structure
of the FO resin, chloride was found in very high concentrations in two of the four regenerant
solutions, and extreme pH existed in the potassium hydroxide and sodium hydroxide regenerant
solutions. Therefore, it is highly likely that one or more of these interfering substances caused
the UNH data to be much higher than the EAI data for nitrate.
Of the interfering substances listed, ferric iron and extreme pH were most likely to be
problematic. The UV-spectrophotometer method for nitrate-nitrogen explained that ferric iron
could not be present because it causes high results. Also, the in-house nitrate results increased as
the pH of the regenerant solutions increased, indicating that pH may have been a problem. The
presence of ferric oxide and extreme pH were almost certainly contributing factors as to why the
UNH results were always much higher than the EAI results. EAI used precautionary measures
prior to analysis including filtration with 0.45 μm filtration to remove interferences, matrix
spikes to test for interferences, and addition of an aluminum chloride buffer to stabilize pH. Each
matrix spike for nitrate showed that nitrate was not present (Kitty Lane, Personal
Communication; March 23, 2015). The in-house analysis at UNH did not take any of these
precautions. EAI results for nitrate-nitrogen were used and not the UNH nitrate-nitrogen results.
The presence of nitrate in the ADL did not likely affect the adsorption of phosphate onto
the resins as indicated by the minimal concentration of nitrate in the spent regenerant solutions
(Table 4-1) (EAI). This is understandable because phosphate has a valence charge three times
greater than nitrate, and ions with greater valence charges are generally more preferred in terms
of selectivity (Inamuddin & Luqman, 2012; Roakes, 2014). Therefore, the presence of nitrate did
not interfere with the objective to create an optimized ion exchange system for phosphate
recovery. Also, the minimal amount of nitrate that may be in the spent regenerant solution will
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not likely be harmful to apply to farmland because nitrogen is one of the necessary nutrients that
plants need for growth.

4.7 Potential Impacts of Spent Regenerant Solution Applied to Farmland
EAI also analyzed for other constituents in the spent regenerant samples including:
fluoride, bromide, chloride, nitrite-nitrogen, total phosphorus, aluminum, arsenic, calcium,
magnesium, potassium, and sodium. The compilation of the full EAI analysis can be found in
APPENDIX H – Eastern Analytical Inc. Raw Data. These additional constituents were analyzed
for the purpose of assessing the viability of the spent regenerant solutions as potential liquid
fertilizers for local New Hampshire farms.
According to APPENDIX A – Regulatory Requirements for Land Application of
Biosolids, New Hampshire regulates 14 metals and 155 organic chemicals, while the federal
government only regulates nine metals. From these lists of regulated substances, arsenic is the
only constituent that EAI analyzed. There may be a perception problem with arsenic, because it
causes lots of concern when mentioned to the public. As shown in APPENDIX H – Eastern
Analytical Inc. Raw Data, the arsenic levels were always less than 0.05 mg/L and almost always
less than 0.01 mg/L. The arsenic concentrations did not seem to be an issue; however the state
and federal regulatory requirements only regulate biosolids, not liquids. Thus, it is difficult to
make direct comparisons between arsenic levels in the regulatory requirements and the levels
reported in the EAI results.
Other constituents that may pose problems in the spent regenerant phosphate solution
when applied to land, depending on the regenerant solution used, are high levels of chloride,
sodium, and potassium. In a conversation with Michael Rainey from NHDES, it was discovered
that sodium breaks down soil structure by displacing calcium and magnesium. Potassium is
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preferable to sodium with respect to land application and is not necessarily a concern depending
on frequency of application. Additionally, excess salt in the soil can cause complications to
plants by inhibiting the plant’s ability to absorb water (Michael Rainey, Personal
Communication; June 3, 2014).
Correspondence with a local farmer, Chuck Cox, from Tuckaway Farm in Lee, NH
revealed that salts can be beneficial to control weeds and may not be an issue for salt-tolerant
crops such as asparagus (Personal Communication; February 12, 2015). However, two other
local New Hampshire farmers, Matt Kozazcki from Tendercrop Farm and Nick Bennion from
Flag Hill, preferred to apply potassium to land instead of sodium (Personal Communications;
February 23 and 18, 2015). Lastly, Carl Majewski from the UNH Cooperative Extension
explained that sodium and chloride are very leachable from soil and can, therefore, be applied in
small amounts to land (Personal Communication; May 30, 2014). After speaking with all of
these experts on land application in New Hampshire, the consensus seemed to be that sodium
would be harmful to apply in large quantities and that potassium would be preferable. Hence,
even though potassium hydroxide is more expensive than sodium hydroxide, it may be worth
exploring as a regenerant solution for ion exchange in full scale applications. An economic
analysis would be necessary to determine the financial feasibility of the selected regenerant
solution prior to its use in full scale applications.
Extreme pH is another potential problem that could stem from the land application of the
spent regenerant solution. Although pH is not regulated by NHDES, pH is a very important
parameter for farmland. The reason pH is so important is due to its direct effect on the
availability of nutrients to plants, which becomes problematic when the pH increases to 7.5-8
(Carl Majewski, Personal Communication; May 30, 2014).
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The local New Hampshire farmers were also asked for their opinions on ideal soil pH for
farming. Cox explained that desirable soil pH ranges from 6.5-7, but not above 7. He mentioned
that typical soils in the area have a pH of 5-5.5, which is why lime is added. Cox hypothesized
that the high pH phosphate solution may be beneficial to increase pH and replace the need for
lime (Personal Communication; February 12, 2015). Lime and calcium hydroxide are similar.
Unfortunately the calcium hydroxide was not a viable regenerant solution because of its lack of
solubility in water. Kozazcki agreed with Cox that a high pH solution would be beneficial in a
fertilizer solution because he currently applies three tons of lime per acre to increase soil pH
(Personal Communication; February 23, 2015). The ideal pH for grapes at Flag Hill is 5.5-6.5
according to Bennion. Bennion was more cautious about the idea of a high pH fertilizer. He
wanted to know the long-term effects of its application and evaluate the costs (Personal
Communication; February 18, 2015).
In addition to the potential harm to farmland, there are other areas of concern that arise
from the application of the phosphate solution onto farmland. The fact that the phosphate
solution comes from wastewater is a concern for local farms that market and sell products to the
public. First, there is the issue of aesthetics because farmers do not want to lose business as a
result of repugnant smells emanating from the fertilizer solution on their fields. There is also a
concern with public perception of a wastewater derived phosphate solution negatively impacting
human health. When asked about his opinion on the wastewater-derived phosphate solution,
Kozazcki was most concerned about the smell and how the land application of the fertilizer
solution would impact the customer. If the customer did not mind than he would not mind
(Personal Communication; February 23, 2015). There is a risk for microbial contamination;
however, this is less of an issue with anaerobic digester liquor, compared to other wastewater
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sources, because anaerobic digestion destroys most of the pathogenic organisms in sludge
(Appels et al., 2008).
The application of the phosphate solution onto land also has logistical issues in addition
to contaminant issues. The solution first has to be trucked from a wastewater treatment plant to
local farms and trucking liquids may not be economically feasible due to the weight of water and
the large volume of liquid trucked. For example, Flag Hill currently uses 19 bags of potassium
sulfate weighing a total of 952.5 lbs to fertilize the entire vineyard. In order to apply the same
amount of potassium to the vineyard using the regenerant solution, it will require ~5,875 L of
regenerant solution weighing ~12,950 lbs. This equates to 194 kg of potassium and ~1 kg of
phosphorus, resulting in fertilizer that is more than 13 times heavier and will necessitate the use
of a larger truck. The high potassium requirement just to produce 1 kg of phosphorus is a major
inefficiency. In full scale, the ratio of potassium hydroxide use to phosphorus produced would
potentially be more efficient. Depending on the distances traveled to transport the regenerant
solution, local farms may not be interested in paying for the transport of the volume of liquid
required to fertilize their fields. Also, there is the possibility of harming the cropland when
maneuvering the truck on the site, while unloading the phosphate solution.
High concentrations of chloride, sodium, and potassium; regenerant solution costs;
extreme pH; aesthetic concerns; health concerns; logistical issues; and potassium hydroxide
requirements have all been identified as obstacles to the application of the spent regenerant
solutions onto farmland. These obstacles would need to be addressed before the solutions
produced by the ion exchange approach studied in this research could be adopted by farms for
fertilizer use.
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4.8 SimaPro Environmental Analysis Results
4.8.1

Goal and Functional Unit
The main goal of this cradle-to-grave LCA was to investigate the environmental impacts

of ion exchange to recover phosphate from ADL and the transportation of this phosphate solution
to two local New Hampshire farms. A secondary goal was to identify the input that would
contribute the most to overall impacts. Phosphorus concentrations are of interest to farmers for
fertilizer application, therefore, the functional unit of this LCA was 1 kg P produced from ADL
at the Newmarket Wastewater Treatment Plant.
4.8.2

System Boundary
Figure 4-41 shows a general system boundary of the included processes in the LCA. The

system boundary used a cradle-to-grave approach and thus, comprised all major material and
energy flows associated with phosphate adsorption, phosphate desorption, and fertilizer
application. These processes are included in more detail in the next section and the assumptions
and limitations of these processes can be found in APPENDIX J – SimaPro Supplementary Data.
The impacts of applying the fertilizer solution to land have not been studied and, therefore, were
excluded from this analysis. The production of the mixer and pump were also excluded from the
LCA because these items were unavailable in SimaPro. The production of the ion exchange
columns was excluded from the LCA because of the lack of information on materials required
for full scale ion exchange columns. The production of the mixer, pump, and ion exchange
columns were all assumed to have minor impacts on the LCA compared to the other inputs.
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Figure 4-41: System Boundary (Ruder & Bennion, 2013)

4.8.3

Phosphate Recovery Flow Diagram
The phosphate recovery flow diagram (Figure 4-42) describes the detailed inputs and

outputs for the LCA. The process of phosphate recovery is a hypothetical process that would
begin at the Newmarket Wastewater Treatment Plant with the mixing of ADL and resin for
phosphate adsorption. The adsorption process requires electricity to operate the mixer. The
product of phosphate adsorption is resin loaded with phosphate that is ready for desorption. A
byproduct of phosphate adsorption is ADL waste that would continue to make its way through
the wastewater treatment plant for further treatment. It is important to note that ADL is excluded
from the inputs in this LCA because the wastewater treatment plant already exists and will be
operating regardless of the implementation of ion exchange.
Phosphate desorption is next, requiring water combined with potassium hydroxide which
is pumped into columns to desorb the phosphate from the loaded resin. The desorption process
requires electricity to operate the pump. Once desorption is complete, the product is a solution to
be used as a fertilizer on local farms. The spent resin would then be recycled for further use in
ion exchange. Lastly, the phosphate solution would be trucked to local New Hampshire farms
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and applied via tractor as a fertilizer. The fertilizer application process would produce water, air,
and soil emissions.

Figure 4-42: Flow Diagram of the Phosphate Recovery Processes included in the LCA

4.8.4

Impact Assessment
Several techniques were used to assess the impacts associated with phosphate recovery

using ion exchange. First, the inventory data was input into SimaPro (see APPENDIX J –
SimaPro Supplementary Data) and then the impacts were analyzed using the ReCiPe method
which is the “most recent and harmonized indicator approach available in life cycle impact
assessment” (PRé Consultants). The impacts to human health, the ecosystem, and resource
depletion were evaluated for the Flag Hill and Tendercrop farms. In addition to these three
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principle categories, the impacts were examined using single score, characterization, and
normalization techniques.
4.8.5

Human Health, Ecosystem, and Resource Depletion Impact Assessment
Diesel was the most damaging individual impact to the ecosystem and resource depletion,

while spoil from hard coal mining was the most damaging individual impact to human health.
Only a portion of the human health, ecosystem, and resource impacts are shown in these figures
because they are much too extensive to include in their entirety.
Figure 4-43 shows that the most damaging impact to human health for Flag Hill and
Tendercrop farms is spoil from hard coal mining. After taking a closer look at the single score
network, it is evident that the spoil from hard coal mining is predominantly a result of the
production of potassium hydroxide and anionic resin. Diesel fuel and tractor production are the
next most damaging impacts to human health. A large positive impact to human health is the
prevention of sulfidic tailing, which is a byproduct of the potassium sulfate fertilizer that is
currently used on the farms. Human health impacts are measured in disability adjusted life years
(DALY) which account for years of life lost and years of life disabled (Goedkoop et al., 2013).
The DALY metric is based on many assumptions including, but not limited to, its applicability to
a specific time period and location in the world, lack of age-specific weighting, and world
averages representing the damages to human health (Goedkoop et al., 2013).
The top three contributors to ecosystem impacts for Flag Hill and Tendercrop are diesel
fuel, tractor production, and high voltage electricity production from hard coal (Figure 4-44).
Diesel fuel is used to power the truck that transports spent regenerant from the wastewater
treatment plant to both farms and the tractors as they apply the fertilizer solution to land. High
voltage electricity production from hard coal is used to produce potassium hydroxide and anionic
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resin. Ecosystem impacts are measured in species*year which is calculated by determining the
potentially disappeared fraction of species and integrating this over area and time for land-based
species or integrating over volume and time for water-based species (Goedkoop et al., 2013). In
the ReCiPe method, ecosystem quality is based on “energy, matter, and information flows,” and
the amount of disruption of these flows by anthropogenic activity is the important metric used to
measure ecosystem quality (Goedkoop et al., 2013).
The top contributor by far to resource depletion is diesel fuel (Figure 4-45). The impact
of diesel is more than seven times greater than any of the other impacts to resource depletion for
Flag Hill and Tendercrop. The next biggest impacts are caused by hard coal and tractor
production. In the ReCiPe method, resource impacts are measured in present value costs of
material extractions. These present value costs are calculated using marginal cost increases due
to extractions or resource yields, annual quantities of consumed material, and increased costs due
to a discount rate of 3% (Goedkoop et al., 2013).
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Figure 4-43: Human Health Impacts using ReCiPe Endpoint Method
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Figure 4-44: Ecosystem Impacts using ReCiPe Endpoint Method
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Figure 4-45: Resource Impacts using ReCiPe Endpoint Method
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4.8.6

Single Score Raw Material Network Impact Assessment
Based on the results from the human health, ecosystem, and resource analyses, diesel fuel

has a significant impact and was, therefore, investigated further. Figures 4-46 and 4-47 show the
single score network of inputs for Flag Hill and Tendercrop farms, respectively. Only a portion
of the networks are shown in these diagrams because they are much too extensive to include in
their entirety. At first glance, these networks do not seem to correspond with the results from the
human health, ecosystem, and resource analyses. However, if the results in Section 4.8.5 and
4.8.6 are extended, it can be shown that many of the top impacts in the human health, ecosystem,
and resource analyses actually originate from potassium hydroxide production.
In Figures 4-46 and 4-47, potassium sulfate and truck transportation have positive
impacts on phosphorus production because they are avoided products. The positive impact from
truck transportation is not shown in Figure 4-47 because it did not fit in this portion of the
network diagram. Potassium sulfate is the current fertilizer used by Flag Hill farm and the
fertilizer assumed to be used by Tendercrop farm. Potassium sulfate is avoided in this SimaPro
analysis because the spent regenerant solution resulting from ion exchange already contains
potassium. The avoided truck transportation is the transport of potassium sulfate from the
manufacturer to the distributor. An avoided product in SimaPro means that all of the product’s
harmful impacts to human health, the ecosystem, and resources are also avoided. However, the
impact caused by the production of potassium sulfate is similar to the impact caused by the
production of potassium hydroxide for the regenerant solution. Therefore, the two processes
roughly cancel each other out.
The process with the greatest impact in the single score networks is potassium hydroxide,
representing over 200% of the overall impacts in the production of 1 kg P (Figures 4-46 and
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4-47). The impacts of potassium hydroxide are shown to be greater than 100% because
potassium sulfate has large positive impacts that are factored into the percent contributions, and
all contributions (positive and negative) add up to 100%. Diesel has the next greatest
contribution, representing 60% and 43% of the overall impacts at Flag Hill and Tendercrop
farms, respectively. Tractor production has the third greatest contribution, representing 19% and
22% of the overall impacts at Flag Hill and Tendercrop farms, respectively. Potassium hydroxide
is by far responsible for the majority of the overall impacts in the LCA, which means that this
process should be addressed in order to reduce harmful effects to human health, the ecosystem,
and resources. In full scale, it is likely that the ratio of potassium hydroxide use to phosphorus
produced would potentially be more efficient, which could have a considerable effect on the
percent contribution of the potassium hydroxide in relation to the other inputs.
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Figure 4-46: Single Score Network using ReCiPe Endpoint Method (Flag Hill)
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Figure 4-47: Single Score Network using ReCiPe Endpoint Method (Tendercrop)

4.8.7

Characterization & Normalization Impact Assessment
Characterization ranks each impact category (out of 100%). Each input is visually

displayed. In Figures 4-48 and 4-49, potassium hydroxide has the most negative impacts to
almost every category. Diesel fuel and tractor production also have negative impacts to every
category, but these impacts are generally much less than that of potassium hydroxide. Anionic
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resin production constitutes the majority of the ozone depletion impacts. The prevention of
potassium sulfate production results in positive impacts of at least 10% toward all categories, and
positive impacts of more than 80% toward ecotoxicity, land occupation, and metal depletion.
Normalization is a way to compare the categories to show which ones contribute more to
the overall impacts. This is different from characterization because characterization gives the
same weight or importance to each category. Figures 4-50 and 4-51 highlight human toxicity and
fossil fuel depletion as the categories with the greatest impacts. Potassium hydroxide contributes
most of the negative impacts to human toxicity, with other contributions from diesel powered
truck transportation, diesel fuel, and tractor production. Potassium hydroxide and diesel fuel
have similar negative impacts to fossil fuel depletion. The offset of potassium sulfate has
extensive positive impacts to human toxicity and some positive impacts to fossil fuel depletion.
The phosphorus mining offset cannot be seen in any of the impact assessment figures,
because it has such a small impact compared to all of the other inputs. The main reason for the
relatively small phosphorus mining offset is the extensive impacts from the large amount of
potassium hydroxide required to regenerate 1 kg of phosphorus and the similarly large offset of
potassium sulfate. The amount of potassium hydroxide required for regeneration to produce 1 kg
of phosphorus would likely be reduced for a full scale system, which would potentially result in
a larger phosphorus mining offset.
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Figure 4-48: Characterization Impact Assessment using ReCiPe Endpoint Method (Flag
Hill)
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Figure 4-49: Characterization Impact Assessment using ReCiPe Endpoint Method
(Tendercrop)
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Figure 4-50: Normalization Impact Assessment using ReCiPe Endpoint Method (Flag Hill)
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Figure 4-51: Normalization Impact Assessment using ReCiPe Endpoint Method
(Tendercrop)

4.8.8

Potential for Uncertainty and Possible Externalities
The first major source of uncertainty in this LCA stems from the anionic resin. The FO

resin used was a weakly basic anion exchange resin with an iron oxide film. It had a structure of
cross-linked polystyrene and was loaded with hydroxide anions during production. In SimaPro,
the closest option to this was a Type I strong base anion exchanger. This resin had a structure of
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cross-linked divinylbenzene and was loaded with chloride ions during production. Average
European processes were used to calculate the impacts of this resin production in SimaPro and
the transport requirements and electricity mix were based on data from Switzerland.
Other uncertainties stem from nutrient application at the Flag Hill and Tendercrop farms.
The required nutrient quantities varied from year to year and field to field at each farm, and
therefore, average estimates for fertilizer application rates were used. The amount of potassium
used affects the amount of diesel required to operate the tractor and the weight of the tractor that
is allocated to the fertilizer application process. Uncertainty exists in the type of fertilizer that
Tendercrop Farm currently purchases and the trucking route for this fertilizer, both of which
were avoided products in SimaPro. It was assumed that Tendercrop Farm used potassium sulfate
for its potassium source, similar to Flag Hill. Based on information provided by the owner of
Tendercrop Farm, the location of the fertilizer manufacturer was assumed to be in South
Deerfield, MA.
Another major uncertainty is the level of phosphate in the ADL at the Newmarket
Wastewater Treatment Plant. The level of phosphate varied constantly depending on the
household and municipal wastewater that was being disposed at any given time.
Some possible externalities in this LCA include the cost of environmental impacts from
tap water used for regeneration, cost of excessive nutrient input from fertilizer application, and
cost of air, water, and soil emissions from fertilizer application.
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5 CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations presented in this chapter are based on the results
and discussions in Chapter 4, with a central focus on meeting the research objectives as outlined
in Section 1.4. Recommendations for future research are provided as a starting point to solve
some of the unanswered questions still remaining at the conclusion of my research. Lastly, a
section is devoted to research obstacles as an intended resource for future researchers.

5.1 Potential Impacts of Spent Regenerant Solution Applied to Farmland
Arsenic causes lots of concern when mentioned to the public. Although arsenic does not
seem to be an issue for the land application of the spent regenerant, high levels of chloride,
sodium, and potassium are of concern. Too much chloride, sodium, and potassium could cause
harm to the soil and crops. When comparing the application of sodium and potassium to land,
potassium is much more favorable to farmers because it is a necessary nutrient that does not
break up soil structure. However, an economic analysis would be necessary to determine the
financial feasibility of the selected regenerant solution prior to its use in full scale applications.
Extreme pH is another concern for applying the spent regenerant solution onto land because high
pH levels inhibit crops from absorbing nutrients.
Certain crops may be better to apply the spent regenerant solution to such as asparagus,
beets, cabbage, cauliflower, celery, carrots, lettuce, parsley and spinach, which all grow well in
alkaline soils whose pH is 7-8 (Extension, 2015). If the potassium hydroxide regenerant is used,
it may be beneficial to apply the spent regenerant solution to potatoes, fruits, grains, and
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vegetables (California Foundation for Agriculture in the Classroom, 2014). Potassium helps with
the production of starches and improves the size and quality of fruits, grains, and vegetables.
The fact that the spent regenerant solution originates from wastewater may pose
additional problems depending on the farm and its customers’ opinions about aspects such as
smell and perceptions about human health impacts. There is a risk for microbial contamination;
however, this is less of an issue with anaerobic digester liquor, compared to other wastewater
sources, because anaerobic digestion destroys most of the pathogenic organisms in sludge. In
addition to contaminant issues, there are also logistical issues associated with the application of
the spent regenerant solution onto land such as costs to transport liquids and potential harm
caused to farmland during application. Also, potentially high potassium hydroxide requirements
to produce 1 kg of phosphorus are a concern, but would likely be more efficient for a full scale
ion exchange system. These obstacles have been identified and would need to be addressed
before the solution produced by the ion exchange approach could be adopted by farms for
fertilizer use.

5.2 SimaPro Environmental Analysis Results
The ReCiPe method resulted in very similar impacts for Flag Hill and Tendercrop farms.
This result was expected because the ion exchange process was exactly the same for both. The
only aspects of the analysis that varied between farms were the transportation distances, diesel
fuel requirements, nutrient application rates, and tractor models.
The results of the ReCiPe method indicated that diesel fuel had the most damaging
individual impacts to the ecosystem and resource depletion, while spoil from hard coal mining
was the most damaging individual impact to human health. In the single score networks the top
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three most damaging inputs overall were potassium hydroxide, diesel fuel, and tractor
production.
Potassium hydroxide is by far responsible for the majority of the overall impacts in the
LCA, which means that this process should be addressed in order to reduce harmful effects to
human health, the ecosystem, and resources. In full scale, it is likely that the ratio of potassium
hydroxide use to phosphorus produced would potentially be more efficient, which could have a
considerable effect on the percent contribution of the potassium hydroxide in relation to the other
inputs. Human toxicity and fossil fuel depletion were the categories with the greatest impacts and
are thus of main concern (Figures 4-50 and 4-51).

5.3 Issues Related to ADL and Ion Exchange
The Newmarket, NH wastewater treatment plant was the only location with ADL that
worked successfully with ion exchange in this research. The issue with the ADL that was tested
from two other wastewater treatment plants was the presence of too many solids and the lack of a
successful method to physically separate out the solids from the solution. The presence of too
many solids in the ADL at some wastewater treatment plants as opposed to others stems from a
number of factors including difference in full scale operations, sampling locations, and influent
at the plants. This implied that the full scale application of the ion exchange process to recover
phosphate will not be feasible unless methods are devised to physically separate out the solids.
Thus, it is recommended to devise an economically viable solution to achieve this physical
separation of solid matter from ADL as a pretreatment step for ion exchange. One potential
option is to try to recover phosphate from another source at wastewater treatment plants that
contains fewer solids such as belt filter press supernatant after anaerobic digestion.

127

5.4 Resin Performance
On average, the FO resin adsorbed 36% more phosphate than the M resin when jar tested
with ADL, equating to 136 mg more phosphate per 2 L jar. Desorption results for the M resin
showed that all of the regenerant solutions performed similarly (Figure 4-27). Desorption results
for the FO resin showed that the sodium hydroxide and potassium hydroxide regenerant
solutions were significantly better than the other regenerant solutions, but that there is no
significant difference between sodium hydroxide and potassium hydroxide (Figure 4-28). All of
these tests of significance for phosphate desorption were performed in JMP Pro 11 at a 95%
confidence and were compared based on percentage of desorbed phosphate. Therefore, the resin
that was most promising in terms of maximizing phosphate recovery was the FO resin due to the
superior adsorption of phosphate and the 100% phosphate desorption with sodium hydroxide and
potassium hydroxide.

5.5 Resin Concentration and Jar Test Contact Time
This research revealed that phosphate adsorption on M and FO resins, with each resin
tested at four concentrations, slowed substantially between 30-60 min. The benefits of adsorbing
trace amounts of additional phosphate were decidedly less valuable than the time saved by
selecting the jar test duration of 30 min.
Resin concentration was chosen based on: maximum resin efficiency, effluent quality,
phosphate adsorption, and phosphate desorption. In batch experiments, greater resin
concentrations were desirable for maximum phosphate adsorption and effluent quality, while
smaller resin concentrations led to maximum resin efficiency. As a result of the balance between
resin efficiency, effluent quality, and phosphate adsorption, 30 and 45 g/L resin concentrations
were further investigated. Phosphate desorption for these two resin concentrations were very
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similar and could not be determined to be significantly different. The decision was made to use
the 30 g/L concentration of M and FO resins for this research for pragmatic reasons related to
resin efficiency, effluent quality, phosphate adsorption, and phosphate desorption.

5.6 Recommendations for Future Research
Recommendations for future research on this topic include additional investigation on the
phosphate source, resin, spent regenerant, costs, and LCA.
When considering the phosphate source, the main problem was the solids content in the
ADL for two of the three treatment plants. Additional research should be done to determine a
process that will remove these solids without removing the dissolved phosphate so that ion
exchange will be uninhibited. Physical separation processes to achieve this objective may prove
to be too expensive or time-consuming. In that case, it may be worth investigating other potential
locations within a wastewater treatment plant for sources of phosphate to use with ion exchange
such as belt filter press supernatant after anaerobic digestion. In addition to issues with solids
content, the limited number of anaerobic digesters in the state also poses a problem with ADL as
the phosphate source. According to Michael Rainey (NHDES), there are only four digesters in
New Hampshire (Personal Communication; June 3, 2014). The lack of digesters would limit the
full scale application of this phosphate recovery process unless it could be implemented in plants
that do not have digesters as well. Other potential environmental sources of phosphate could also
be explored such as ash, stormwater, or landfill leachate.
Once the phosphate source is improved or altered, further tests should be run on the FO
resin to evaluate the resin’s long-term viability for phosphate recovery. The M resin should not
be used based on its inferior adsorption capability compared to the FO resin. The desorption of
phosphate from FO resin worked well with sodium hydroxide and potassium hydroxide, but the
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same resin was never regenerated more than once. Multiple regenerations with the same resin
would be useful to calculate the long-term efficiency of regeneration and the amount of
irreversible fouling that occurs on the resin over time. In addition to further tests using the FO
resin, other phosphate-selective resins should be tested. A phosphate-selective acrylic-based
resin may prove to be successful with ADL because the acrylic structure is more resistant to resin
fouling caused by organic matter than the styrene-based FO resin (Gönder et al., 2006).
Further studies should be conducted on the spent regenerant solution before its use as
land-applied fertilizer. First, it is important to consider whether people will even accept crops
that are fertilized with a wastewater-derived solution, because acceptance is a critical step for the
phosphate recovery from ADL to become a reality. Next, it is recommended to test for the
presence of other heavy metals besides arsenic, such as those listed in APPENDIX A –
Regulatory Requirements for Land Application of Biosolids. Tests for organic contaminants
including dioxins and polychlorinated biphenyls would also be beneficial because they are state
regulated for land-applied biosolids in addition to the metals. It is also recommended to
investigate processes to remove sodium from the spent regenerant solution, before the solution is
land-applied, if a regenerant solution containing sodium is chosen for phosphate desorption. A
study should also be done to compare liquid versus solid fertilizer with respect to their effects on
phosphate uptake efficiency for crops. Lastly, regardless of which regenerant solution is used for
desorption, it is important to do a long-term impact assessment of this solution onto farmland to
evaluate its effects on crops. It is recommended that the length of the assessment follow the
specifications in the table entitled: “Restrictions for the harvesting of crops and turf” in chapter
two of EPA’s Guide to Part 503 Rule (EPA, 2002). Depending on whether the crop grows above
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ground or below ground, the length of the impact assessment could range from 30 days to 38
months (EPA, 2002).
An economic analysis of the full scale application of the ion exchange process to recover
phosphate should be studied. An economic analysis will allow for the assessment of all costs
associated with the phosphate recovery process, which will help to determine its feasibility. One
of the important aspects to assess is the cost-effectiveness of the regenerant solutions.
The final recommendation for future research is to complete an LCA using sodium
hydroxide, instead of potassium hydroxide, to assess the environmental impacts of the entire
phosphate recovery process. Sodium hydroxide is commonly used in full scale ion exchange
processes because it is effective for desorption and relatively inexpensive compared to other
regenerant solutions. One of the drawbacks of regeneration with sodium hydroxide is the absence
of potassium in the spent regenerant solution, which means that the potassium sulfate fertilizer
that is currently used on the farms will not be offset.

5.7 Research Obstacles
This section explains the lessons that were learned during this research which can help
prevent future errors from happening in the laboratory. This information is meant as a guide for
future researchers so that they do not make the same mistakes.
-

Be cautious and read through the entire method manual for the test that is being used
for analysis, specifically the section on interferences. Study these so that the correct
steps are taken to remove interferences prior to analysis.

-

Comparisons between in-house laboratory analyses and external commercial
laboratory results should be compared promptly to look for obvious differences and
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deduce the reason for these differences in a punctual manner. Doing so will result in
ample time for changes to be made to analytical techniques.
-

Matrix spikes should have been performed on a periodic basis for all constituents
analyzed in the lab. Matrix spikes display the amount of each constituent that is
recoverable, which directly relates to interferences present. If there is partial or no
percent recovery in a matrix spike, then that is an indication that one or more
interferences may exist.

-

Removing solids was an obstacle in this research even for the Newmarket ADL
which required centrifugation, dilution, and filtration prior to phosphate analysis for
the jar tests. Filtration was by far the most challenging step in the sample preparation
due to the force required to filter the diluted ADL through filter paper with a pore size
of 0.45 μm. However, this sample preparation was still not enough to do phosphate
analysis for the jar tests at the other two wastewater treatment plants.
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APPENDIX A – Regulatory Requirements for Land Application of Biosolids
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COMPARISON OF STATE AND FEDERAL REGULATORY REQUIREMENTS FOR
LAND APPLICATION OF BIOSOLIDS
2009
Regulation

State (Env-Wq 800)

Pathogen Reduction
Vector Attraction Reduction
(VAR)
Metals Standards

State requirements based on federal rule
Uses federal VAR standards, but does not
allow VAR at land application sites
Regulates 14 metals
Limit (mg/kg)
Loading (kg/ha)
32
10
14
5
1000
300
1500
300
300
200
10
5.6
35
18
200
89.3
28
100
2500
500
26(1)
Not regulated
0.95(1)
Not regulated
200(1)
Not regulated
21(1)
Not regulated
Regulates 155 organic contaminants
including dioxins and PCBs
Requires Sludge Quality Certification
(DES approval)
• Prior to certification, 4 tests, 60 days
apart for 177 analytes
• After certification, Ongoing testing
for 177 analytes
Site Permit required for land application at
a specific location
Wells
Property line
Surface water
Dwellings
Roads
Bedrock/Groundwater
Regulates the transportation of Class B
and untreated sludge
Requires facilities permits for the storage
and/or the treatment of sludge not
associated with an NPDES permit

Arsenic
Cadmium
Chromium
Copper
Lead
Mercury
Molybdenum
Nickel
Selenium
Zinc
Antimony
Beryllium
Silver
Thallium
Organic Chemicals

Testing and Evaluation of
Sludge Quality

Site Permits

Class B, Land application
setback

Transportation
Facility Permit

Federal (40 CFR Part 503)
Establishes standards for pathogen
reduction
Establishes standards for VAR
Regulates 9 metals
Limit (mg/kg)
Loading (kg/ha)
75
41
85
39
Not regulated
Not regulated
4300
1500
840
300
57
17
75
Not regulated
420
420
100
100
7500
2800
Not regulated
Not regulated
Not regulated
Not regulated
Not regulated
Not regulated
Not regulated
Not regulated
Not regulated

No prior evaluation or approval required,
testing for 9 metals 1 to 12 times per year

Management of industrial
Regulates the removal, transportation, and
sludge and water treatment
disposal of these materials
sludge
Regulatory Oversight
5 staff in Concord
(1) – The limits for antimony, beryllium, silver, and thallium are guidance values.

No site specific permit required

10-meter setback from waters of the
United States

Not regulated
Not regulated

Not regulated
1 part-time regulator in Boston
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Lewatit® FO 36 is a macroporous, monodispersed, polystyrene-based resin for the selective adsorption of
oxoanions, such as arsenate or arsenite ions. It is a weakly basic ion exchange resin which is doped with a
nano-scaled film of iron oxide covering the inner surfaces of the pores of the polymer bead. Oxoanions are
bond by a specific, reversible reaction involving hydroxy-groups on the iron oxide surface. Other anions
such as SO42-, NO3-, Cl-, HCO3- have a neglectable influence on arsenic absorption. Optimum pH is pH = 6.
Lewatit® FO 36 is especially suitable for use in the following applications:
»
»
»

arsenic removal from drinking water
arsenic removal from ground water (ground water remediation) and waste water
arsenic removal from process solutions even in presence of high contents of neutral salts (e.g.
>10% NaCl on Na2SO4)

In the purification of potable water arsenic can be removed down to rest concentrations significantly lower
than 10 µ g/l which is the maximum contaminant level set in several countries.
Besides of arsenic containing oxyanions such as arsenate and arsenite Lewatit® FO 36 is capable of
selectively adsorbing other species as there are HPO42-, HSiO3-, HSbO42-, HVO42-, SCN- etc. Also it has to be
considered that the weakly basic anion exchange group in the resin is still active and can react in the
specific way basically known for this kind of functional group. Hence Lewatit® FO 36 can also bind natural
organic matter such as tannins, lignins, negatively charged uranium complexes, chromate and others.
Lewatit® FO 36 should never be exposed to solutions with pH lower than 4. Otherwise iron oxide will be
dissolved and washed out and the resin will lose its dedicated functionality.
Advantages of polymer resin based ironoxide doped adsorbers compared to a basically inorganic adsorber
are:
»
»
»
»
»

regenerability
no bleeding of fine iron oxide particles
high mechanical strength and therefore easy to backwash or to pump in suspension
no blocking of the resin bed due to build up of fines
fast kinetics due to large surface area and optimised pore structure

When using Lewatit® FO 36 to treat potable water special care should be given to the start up of the new
resin. Please refer to the recommended start-up-conditions contained in this data sheet.
After a pre-treatment according to the recommended start-up procedure Lewatit® FO 36 is in compliance
with the European Resolution ResAP (2004)3 with regard to the substances to be used in the manufacture
and Total Organic Carbon (TOC) release according to the AFNOR test T 90-601.

The special properties of this product can only be fully utilized if the technology and process used correspond to the current state-of-the
-art. Further advice in this matter can be obtained from Lanxess, Business Unit Ion Exchange Resins.

This document contains important information and must be read in its entirety.
Edition: 2011-10-13
Previous Edition: 2011-05-12
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General Description
Ionic form as shipped
Functional group
Matrix
Structure
Appearance

neutral
FeO(OH)
crosslinked polystyrene
macroporous
brown, opaque

Physical and Chemical Properties
Uniformity Coefficient*
Mean bead size*
Share of beads in the
range*
Bulk density
Density
Specific pressure drop
Bed expansion
Water retention

Mean bead size +/- 0.05
mm

(15 °C)
(20 °C, per m/h)

Stability

at pH-range

Storability
Storability

of the product
temperature range

metric units
max.
mm
vol. %
kg/l
approx. g/ml
approx. kPa*h/m²
approx. vol. %
wt. %
max. years
°C

1.1
0.34 - 0.38
> 90
0.765
1.25
1.97
9.8
53

-

58

4

-

14

2
-20

-

+40

* Specification values subjected to continuous monitoring.

This document contains important information and must be read in its entirety.
Edition: 2011-10-13
Previous Edition: 2011-05-12
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Recommended Operating Conditions*
metric units
max. °C

Operating temperature
Operating pH-range
Bed depth
Pressure drop
Linear velocity
Linear velocity
Freeboard
Regenerant
Co current regeneration
Co current regeneration
Linear velocity
Rinse water requirement
Linear velocity
Conditioning***
Conditioning
Conditioning
Linear velocity
Conditioning

60
4

min. mm
max. kPa
max. m/h
approx. m/h
vol. %

operation
backwash (20 °C)
backwash
(extern / intern)
level
concentration
regeneration
slow / fast

approx. g/l
approx. wt. %
approx. m/h
approx. BV

rinsing

approx. m/h
pH, min.

flow direction
conditioning
duration

approx. m/h
approx. h

-

11

1000
250
30
4
100
NaOH + NaCl**
40 + 40
2+2
5
5
5
HCl or H2SO4
4
upflow
4
12

* The recommended operating conditions refer to the use of the product under normal operating conditions. It is based on tests in pilot
plants and data obtained from industrial applications. However, additional data are needed to calculate the resin volumes required for
ion exchange units. These data are to be found in our Technical Information Sheets.
** A mixture of NaOH + NaCl with a mass-ratio of 1:1.
*** For conditioning it is recommended to circulate water from a seperate tank in upflow direction over the resin bed. The tank
contains approx. 2BV of water and is equipped with an agitator and a pH control system. The pH control system is adjusted to pH = 4
and doses acid into the agitated tank. The process has to be operated for 12 hours in minimum.

Recommended Start-up Conditions*
(in drinking water and food applications only)
Linear velocity
Rinse water requirement

approx. m/h
approx. BV

5
20

This document contains important information and must be read in its entirety.
Edition: 2011-10-13
Previous Edition: 2011-05-12
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Additional Information & Regulations
Safety precautions
Strong oxidants, e.g. nitric acid, can cause violent reactions if they come into contact with ion exchange
resins.
Toxicity
The safety data sheet must be observed. It contains additional data on product description, transport,
storage, handling, safety and ecology.
Disposal
In the European Community Ion exchange resins have to be disposed, according to the European waste
nomenclature which can be accessed on the internet-site of the European Union.
Storage
It is recommended to store ion exchange resins at temperatures above the freezing point of water under
roof in dry conditions without exposure to direct sunlight. If resin should become frozen, it should not be
mechanically handled and left to thaw out gradually at ambient temperature. It must be completely thawed
before handling or use. No attempt should be made to accelerate the thawing process.

This information and our technical advice – whether verbal, in writing or by way of trials –
are given in good faith but without warranty, and this also applies where proprietary rights
of third parties are involved. Our advice does not release you from the obligation to check
its validity and to test our products as to their suitability for the intended processes and
uses. The application, use and processing of our products and the products manufactured
by you on the basis of our technical advice are beyond our control and, therefore, entirely
your own responsibility. Our products are sold in accordance with the current version of
our General Conditions of Sale and Delivery.

Lenntech
info@lenntech.com
www.lenntech.com
Tel. +31-15-261.09.00
Fax. +31-15-261.62.89

This document contains important information and must be read in its entirety.
Edition: 2011-10-13
Previous Edition: 2011-05-12
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Lewatit® MonoPlus M 800 is a strongly basic, gelular anion exchange resin with beads of uniform size
(monodisperse) based on a styrene-divinylbenzene copolymer. Chemically and osmotically considered, the
monodisperse beads are highly stable. The optimized kinetics lead to an increased operating capacity
compared to ion exchange resins with heterodisperse bead size distribution.

Lewatit® MonoPlus M 800 is especially applicable for:
»

»
»

conventional mixed bed application in combination with Lewatit® MonoPlus S 100 H, Lewatit®
MonoPlus S 108 H or
Lewatit® MonoPlus S 200 KR.
polishing by a modern Lewatit® Multistep System
condensate polishing in combination with Lewatit® MonoPlus S 200 KR

Lewatit® MonoPlus M 800 adds special features to the resin bed:
»
»
»
»
»
»

high exchange flow rates during regeneration and loading
good utilization of the total capacity
low rinse water demand
homogenous throughput of regenerants, water and solutions; therefore an homogeneous working
zone
nearly linear pressure drop gradient for the whole bed depth; therefore an operation with higher bed
depth possible
good separation behavior of the components in a mixed bed application

The special properties of this product can only be fully utilized if the technology and process used correspond to the current state-of-the
-art. Further advice in this matter can be obtained from Lanxess, Business Unit Ion Exchange Resins.

This document contains important information and must be read in its entirety.
Edition: 2011-10-13
Previous Edition: 2011-05-12

145

General Description
Ionic form as shipped
Functional group
Matrix
Structure
Appearance

Clquaternary amine, type I
crosslinked polystyrene
gel type beads
yellow, translucent

Physical and Chemical Properties
metric units
max.
mm

Uniformity Coefficient*
Mean bead size*
Bulk density
Density
Water retention

(+/- 5 %)

g/l
approx. g/ml
wt. %

Total capacity*
Volume change
Stability

Cl --> OH
at pH-range

Storability
Storability

of the product
temperature range

-

-

1.1
0.59

(+/-

650
1.08
45

min. eq/l
max. vol. %

-

50

1.4
18
0

max. years
°C

0.05

-

14

2
-20

-

40

* Specification values subjected to continuous monitoring.

This document contains important information and must be read in its entirety.
Edition: 2011-10-13
Previous Edition: 2011-05-12
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Recommended Operating Conditions*
metric units
max. °C

Operating temperature
Operating pH-range
Bed depth
Specific pressure drop
Pressure drop
Linear velocity
Linear velocity
Bed expansion
Freeboard
Mixed bed operation
Bed depth
Regenerant
Regenerant
Regenerant

70
0

(15 °C)
operation
backwash (20 °C)
(20 °C, per m/h)
backwash
(extern / intern)

min. mm
approx. kPa*h/m2
max. kPa
max. m/h
approx. m/h
approx. vol. %
vol. %

Rinse water requirement slow / fast

12

800
1.0
200
5

-

120

7
11
80

min. mm
type
level
concentration

-

-

100

600
NaOH
100

approx. g/l
approx. wt. %

5

-

10

approx. BV

2

/

5

* The recommended operating conditions refer to the use of the product under normal operating conditions. It is based on tests in pilot
plants and data obtained from industrial applications. However, additional data are needed to calculate the resin volumes required for
ion exchange units. These data are to be found in our Technical Information Sheets.

This document contains important information and must be read in its entirety.
Edition: 2011-10-13
Previous Edition: 2011-05-12
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Additional Information & Regulations
Safety precautions
Strong oxidants, e.g. nitric acid, can cause violent reactions if they come into contact with ion exchange
resins.
Toxicity
The safety data sheet must be observed. It contains additional data on product description, transport,
storage, handling, safety and ecology.
Disposal
In the European Community Ion exchange resins have to be disposed, according to the European waste
nomenclature which can be accessed on the internet-site of the European Union.
Storage
It is recommended to store ion exchange resins at temperatures above the freezing point of water under
roof in dry conditions without exposure to direct sunlight. If resin should become frozen, it should not be
mechanically handled and left to thaw out gradually at ambient temperature. It must be completely thawed
before handling or use. No attempt should be made to accelerate the thawing process.

This information and our technical advice – whether verbal, in writing or by way of trials –
are given in good faith but without warranty, and this also applies where proprietary rights
of third parties are involved. Our advice does not release you from the obligation to check
its validity and to test our products as to their suitability for the intended processes and
uses. The application, use and processing of our products and the products manufactured
by you on the basis of our technical advice are beyond our control and, therefore, entirely
your own responsibility. Our products are sold in accordance with the current version of
our General Conditions of Sale and Delivery.

Lenntech

info@lenntech.com
www.lenntech.com
Tel. +31-15-261.09.00
Fax. +31-15-261.62.89

This document contains important information and must be read in its entirety.
Edition: 2011-10-13
Previous Edition: 2011-05-12
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APPENDIX C – HACH DR 2000 Accuracy Check
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Accuracy Check with Phosphate Standards Lot # 2502993
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Accuracy Check with Phosphate Standards Lot # 2411A10
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APPENDIX D – HACH DR 2000 Analyses
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Phosphorus, Reactive
(Orthophosphate)

DOC316.53.01115

Molybdovanadate Method1

Method 8114
®

0.3 to 45.0 mg/L PO43–

Reagent Solution or AccuVac Ampuls

Scope and application: For water and wastewater.
1

Adapted from Standard Methods for the Examination of Water and Wastewater.

Test preparation
Instrument-specific information
Table 1 shows sample cell and orientation requirements for reagent addition tests, such
as powder pillow or bulk reagent tests. Table 2 shows sample cell and adapter
requirements for AccuVac Ampul tests. The tables also show all of the instruments that
have the program for this test.
To use the table, select an instrument, then read across to find the applicable information
for this test.
Table 1 Instrument-specific information for reagent addition
Instrument

Sample cell orientation

Sample cell

DR 6000

The fill line is to the right.

2495402

DR 3800
DR 2800
DR 2700
DR 1900
DR 5000

The fill line is toward the user.

DR 3900
DR 900

The orientation mark is toward the user.

2401906

Table 2 Instrument-specific information for AccuVac Ampuls
Instrument
DR 6000

Adapter

Sample cell

—

2427606

DR 5000
DR 900
DR 3900

LZV846 (A)

DR 1900

9609900 or 9609800 (C)

DR 3800

LZV584 (C)

2122800

DR 2800
DR 2700
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Before starting
Install the instrument cap on the DR 900 cell holder before ZERO or READ is pushed.
For best results, the sample temperature should be 20–25 °C (68–77 °F).
Review the Safety Data Sheets (MSDS/SDS) for the chemicals that are used. Use the recommended personal protective
equipment.
Dispose of reacted solutions according to local, state and federal regulations. Refer to the Safety Data Sheets for disposal
information for unused reagents. Refer to the environmental, health and safety staff for your facility and/or local regulatory
agencies for further disposal information.

Items to collect
Reagent solution
Description

Quantity

Molybdovanadate reagent

1.0 mL

Sample cells (For information about sample cells, adapters or light shields, refer to Instrumentspecific information on page 1.)

2

Refer to Consumables and replacement items on page 6 for order information.

AccuVac Ampuls
Description

Quantity
®

Molybdovanadate reagent AccuVac Ampuls

2

Beaker, 50-mL

1

Stoppers for 18 mm tubes and AccuVac Ampuls

2

Refer to Consumables and replacement items on page 6 for order information.

Sample collection and storage
•
•
•
•
•

Collect samples in clean glass or plastic bottles that have been cleaned with 6 N (1:1)
hydrochloric acid and rinsed with deionized water.
Do not use a detergent that contains phosphate to clean the sample bottles. The
phosphate in the detergent will contaminate the sample.
Analyze the samples as soon as possible for best results.
If immediate analysis is not possible, immediately filter and keep the samples at or
below 6 °C (43 °F) for a maximum of 48 hours.
Let the sample temperature increase to room temperature before analysis.

Phosphorus, Reactive, Molybdovanadate Method (45.0 mg/L)
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Reagent solution procedure

Start

1. Start program 480 P
React. Mo. For information
about sample cells,
adapters or light shields,
refer to Instrument-specific
information on page 1.
Note: Although the program
name can be different
between instruments, the
program number does not
change.

2. Prepare the blank: Fill a
sample cell with 10 mL of
deionized water.

3. Prepare the sample: Fill
a second sample cell with
10 mL of sample.

4. Add 0.5 mL of
Molybdovanadate reagent to
each cell.

5. Swirl to mix.

6. Start the instrument
timer. A 7-minute reaction
time starts.

7. When the timer expires,
clean the blank sample cell.

8. Insert the blank into the
cell holder.

If the sample concentration
is greater than 30 mg/L
PO43–, read at exactly
7 minutes or make a 1:1
dilution of the sample and
repeat the test.

Zero

9. Push ZERO. The display
shows 0.0 mg/L PO43–.

Read

10. Clean the prepared
sample cell.

11. Insert the prepared
sample into the cell holder.

Phosphorus, Reactive, Molybdovanadate Method (45.0 mg/L)

12. Push READ. Results
show in mg/L PO43–.
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AccuVac Ampuls procedure

Start

1. Start program 482 P
React. Mo. AV. For
information about sample
cells, adapters or light
shields, refer to Instrumentspecific information
on page 1.
Note: Although the program
name can be different
between instruments, the
program number does not
change.

2. Prepare the blank: Pour
at least 40 mL of deionized
water into a 50-mL beaker.
Fill an AccuVac Ampul with
deionized water. Keep the
tip immersed while the
AccuVac Ampul fills
completely.

3. Prepare the sample:
Collect at least 40 mL of
sample in a 50-mL beaker.
Fill the AccuVac Ampul with
sample. Keep the tip
immersed while the
AccuVac Ampul fills
completely.

4. Start the instrument
timer. A 7-minute reaction
time starts.
If the sample concentration
is greater than 30 mg/L
PO43–, read at exactly
7 minutes or make a 1:1
dilution of the sample and
repeat the test.

Zero

5. When the timer expires,
clean the blank AccuVac
Ampul.

6. Insert the blank AccuVac
Ampul into the cell holder.

7. Push ZERO. The display
shows 0.0 mg/L PO43–.

8. Clean the AccuVac
Ampul.

Read

9. Insert the prepared
sample AccuVac Ampul into
the cell holder.

10. Push READ. Results
show in mg/L PO43–.

Phosphorus, Reactive, Molybdovanadate Method (45.0 mg/L)
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Interferences
Table 3 shows the interferences and interference levels. Table 4 shows the substances
that do not interfere at or below the indicated levels.
Table 3 Interfering substances
Interfering substance

Interference level

Arsenate

Causes a positive interference if the sample is warm when the reagent is added. The sample
can be gently warmed to room temperature without interference.

Iron, ferrous

Causes a blue color which interferes at more than 100 mg/L

Molybdate

Negative interference at more than 1000 mg/L

Silica

Positive interference if the sample is warm when the reagent is added. The sample can be
gently warmed to room temperature without interference.

Sulfide

Negative interference. Correct for this interference as follows:
1.
2.
3.

Measure 50 mL of sample into an Erlenmeyer flask.
Add Bromine Water by drops with constant swirling until a permanent yellow color remains.
Add Phenol Solution by drops until the yellow color just disappears.

Use this sample in the test procedure.
Highly buffered samples or Can prevent the correct pH adjustment of the sample by the reagents. Sample pre-treatment
extreme sample pH
may be necessary. The pH should be approximately 7.
Fluoride, thorium, bismuth, Negative interference
thiosulfate or thiocyanate
Temperature

Temperatures below 20 °C (68 °F) cause a negative interference. Temperatures above 25 °C
(77 °F) cause a positive interference. The sample can be gently warmed to room temperature
without interference.

Table 4 Substances that do not interfere at less than 1000 mg/L
Pyrophosphate

Tetraborate

Selenate

Benzoate

Citrate

Oxalate

Lactate

Tartrate

Formate

Salicylate

Al3+

Fe3+

Mg2+

Ca2+

Ba2+

Sr2+

Li+

Na+

K+

NH4+

Cd2+

Mn2+

NO3–

NO2–

SO42–

SO32–

Pb2+

Hg+

Hg2+

Sn2+

Cu2+

Ni2+

Ag+

U4+

Zr4+

AsO3–

Br–

CO32–

ClO4–

CN–

IO3–

SiO44–

—

—

Accuracy check
Standard additions method (sample spike)
Use the standard additions method (for applicable instruments) to validate the test
procedure, reagents and instrument and to find if there is an interference in the sample.
Items to collect:
•
•
•
•

Phosphate standard solution, 500 mg/L PO43– ampule
Ampule breaker
Pipet, TenSette®, 0.1–1.0 mL and tips
Mixing cylinders, 25-mL (3)

Phosphorus, Reactive, Molybdovanadate Method (45.0 mg/L)
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1. Use the test procedure to measure the concentration of the sample, then keep the
(unspiked) sample in the instrument.
2. Go to the Standard Additions option in the instrument menu.
3. Select the values for standard concentration, sample volume and spike volumes.
4. Open the standard solution.
5. Prepare three spiked samples: use the TenSette pipet to add 0.1 mL, 0.2 mL and
0.3 mL of the standard solution, respectively, to three 25-mL portions of fresh sample.
Mix well.
®

Note: For AccuVac Ampuls, add 0.1 mL, 0.2 mL and 0.3 mL of the standard solution to three
25-mL portions of fresh sample.

6. Use the test procedure to measure the concentration of each of the spiked samples.
Start with the smallest sample spike. Measure each of the spiked samples in the
instrument.
7. Select Graph to compare the expected results to the actual results.
Note: If the actual results are significantly different from the expected results, make sure that
the sample volumes and sample spikes are measured accurately. The sample volumes and
sample spikes that are used should agree with the selections in the standard additions menu. If
the results are not within acceptable limits, the sample may contain an interference.

Standard solution method
Use the standard solution method to validate the test procedure, the reagents and the
instrument.
Items to collect:
•

10-mg/L Phosphate Standard Solution

1. Use the test procedure to measure the concentration of the standard solution.
2. Compare the expected result to the actual result.
Note: The factory calibration can be adjusted slightly with the standard adjust option so that the
instrument shows the expected value of the standard solution. The adjusted calibration is then
used for all test results. This adjustment can increase the test accuracy when there are slight
variations in the reagents or instruments.

Method performance
The method performance data that follows was derived from laboratory tests that were
measured on a spectrophotometer during ideal test conditions. Users can get different
results under different test conditions.
Program

Standard

Precision (95% Confidence Interval)

Sensitivity
Concentration change per 0.010 Abs change

480

30.0 mg/L PO43–

29.6–30.4 mg/L PO43–

0.3 mg/L PO43–

482

30.0 mg/L PO43–

29.7–30.3 mg/L PO43–

0.3 mg/L PO43–

Summary of method
In the molybdovanadate method, orthophosphate reacts with molybdate in an acid
medium to produce a mixed phosphate/molybdate complex. In the presence of vanadium,
yellow molybdovanadophosphoric acid is formed. The intensity of the yellow color is
proportional to the phosphate concentration. The measurement wavelength is 430 nm for
spectrophotometers or 420 nm for colorimeters.

Consumables and replacement items
Note: Product and Article numbers may vary for some selling regions. Contact the appropriate
distributor or refer to the company website for contact information.

Phosphorus, Reactive, Molybdovanadate Method (45.0 mg/L)
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Required reagents
Description

Quantity/Test

Unit

Item no.

1.0 mL

100 mL MDB

2076032

2

25/pkg

2525025

varies

4L

27256

Quantity/Test

Unit

Item no.

AccuVac Snapper

1

each

2405200

Beaker, 50-mL

1

each

50041H

Stoppers for 18-mm tubes and AccuVac Ampuls

2

6/pkg

173106

Unit

Item no.

each

2196800

Phosphate Standard Solution, 10-mg/L as PO4

946 mL

1420416

Phosphate Standard Solution, 10-mL ampule, 500 mg/L as PO4

16/pkg

1424210

Wastewater Influent Standard Solution, Mixed Parameter, for NH3-N, NO3-N, PO4,
COD, SO4, TOC

500 mL

2833149

Unit

Item no.

each

4103600

Bottle, sampling, with cap, low density polyethylene, 250-mL

12/pkg

2087076

Bromine Water, 30-g/L

29 mL

221120

each

2088640

Hydrochloric Acid Solution, 6.0 N (1:1)

500 mL

88449

Paper, pH, 0–14 pH range

100/pkg

2601300

Phenol Solution, 30-g/L

29 mL

211220

Phosphate Standard Solution, 3-mg/L as PO43–

946 mL

2059716

Phosphate Standard Solution, 15-mg/L as PO43–

100 mL

1424342

946 mL

1436716

Phosphate Standard Solution, 50-mg/L, 10-mL Voluette Ampules

16/pkg

17110

Phosphate Standard Solution, 100-mg/L as PO4

100 mL

1436832

Phosphate Standard Solution, 500-mg/L as PO4

100 mL

1424232

each

1970001

Molybdovanadate Reagent Solution
OR
®

Molybdovanadate Reagent AccuVac Ampuls
Water, deionized

Required apparatus
Description

Recommended standards and apparatus
Description
®

Ampule Breaker, 10-mL Voluette Ampules

Optional reagents and apparatus
Description
®

AccuVac Drainer

Mixing cylinder, graduated, 25-mL

3–

Phosphate Standard Solution, 30-mg/L as PO4

®

®

Pipet, TenSette , 0.1–1.0 mL
®

Pipet, TenSette , 1.0–10.0 mL

each

1970010

®

50/pkg

2185696

®

1000/pkg

2185628

each

2635700

Pipet tips for TenSette Pipet, 0.1–1.0 mL
Pipet tips for TenSette Pipet, 0.1–1.0 mL
Thermometer, non-mercury, –10 to +225 °C
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Sulfate

DOC316.53.01135

USEPA1 SulfaVer 4 Method2

Method 8051
®

2 to 70 mg/L SO42–

Powder Pillows or AccuVac Ampuls

Scope and application: For water, wastewater and seawater.
1
2

USEPA accepted for reporting wastewater analyses. Procedure is equivalent to USEPA method 375.4 for wastewater.
Adapted from Standard Methods for the Examination of Water and Wastewater.

Test preparation
Instrument-specific information
The tables in this section show all of the instruments that have the program for this test.
Table 1 shows sample cell and orientation requirements for reagent addition tests, such
as powder pillow or bulk reagent tests. Table 2 shows sample cell and adapter
requirements for AccuVac Ampul tests.
To use either table, select an instrument, then read across to find the corresponding
information for this test.
Table 1 Instrument-specific information for powder pillow
Instrument

Sample cell orientation

Sample cell

DR 6000

The fill line is to the right.

2495402

DR 3800
DR 2800
DR 2700
DR 5000

The fill line is toward the user.

DR 3900
DR 900

The orientation mark is toward the user.

2401906

Table 2 Instrument-specific information for AccuVac Ampuls
Instrument
DR 6000

Adapter

Sample cell

—

2427606

DR 5000
DR 900
DR 3900

LZV846 (A)

DR 3800

LZV584 (C)

2122800

DR 2800
DR 2700

Before starting
Install the instrument cap on the DR 900 cell holder before ZERO or READ is pushed.
Use the Standard Adjust option with each new lot of reagent for the best results.
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For best results, calibrate the instrument with each new lot of reagent. Refer to Calibration on page 6.
For best results, measure the reagent blank value for each new lot of reagent. Replace the sample with deionized water in
the test procedure to get the reagent blank value. Subtract the reagent blank value from the sample results automatically
with the reagent blank adjust option.
Filter samples that are turbid with filter paper and a funnel.
Do not use the Pour-Thru Cell or sipper module (for applicable instruments) with this test.
The reagents that are used in this test contain barium chloride. Collect the reacted samples for proper disposal.
An AccuVac Ampule for Blanks can be used to zero the instrument in the AccuVac test procedure.
Review the Safety Data Sheets (MSDS/SDS) for the chemicals that are used and use any recommended personal protective
equipment.
Dispose of reacted solutions according to local, state and federal regulations. Use the Safety Data Sheets for disposal
information for unused reagents. Consult the environmental, health and safety staff for your facility and/or local regulatory
agencies for further disposal information.

Items to collect
Powder pillows
Description

Quantity

®

SulfaVer 4 Reagent Powder Pillows, 10-mL

1

Sample Cells (Refer to Instrument-specific information on page 1. )

2

Refer to Consumables and replacement items on page 7 for reorder information.

AccuVac Ampuls
Description

Quantity

®

®

SulfaVer 4 Reagent AccuVac ampuls

1

Beaker, 50-mL

1

Sample Cells (Refer to Instrument-specific information on page 1. )

1

Stopper

1

Refer to Consumables and replacement items on page 7 for reorder information.

Sample collection and storage
•
•
•

Collect samples in clean glass or plastic bottles.
To preserve samples for later analysis, keep the samples at or below 6 °C (43 °F) for
up to 28 days.
Let the sample temperature increase to room temperature before analysis.
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SulfaVer 4 powder pillow procedure

Start

1. Start program
680 Sulfate. For information
about sample cells,
adapters or light shields,
refer to Instrument-specific
information on page 1.
Note: Although the program
name may vary between
instruments, the program
number does not change.

2. Prepare the sample: Fill
a sample cell with 10 mL of
sample.

3. Add the contents of one
powder pillow to the sample
cell.

4. Swirl the sample cell to
mix. Undissolved powder
will not affect accuracy.
White turbidity will form if
sulfate is present.

5. Start the instrument
timer. A five-minute reaction
time starts.

6. Prepare the blank: Fill a
second sample cell with
10 mL of sample.

7. When the timer expires,
clean the blank.

8. Insert the blank into the
cell holder.

Do not disturb the cell
during this time.

Zero

9. Push ZERO. The display
shows 0 mg/L SO42–.

Read

10. Clean the prepared
sample.

Sulfate, SulfaVer 4 Method (70 mg/L)

11. Within five minutes after
the timer expires, insert the
prepared sample into the
cell holder.

12. Push READ. Results
show in mg/L SO42–.
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13. Clean the sample cells
with soap and a brush.
®

SulfaVer 4 AccuVac Ampuls procedure

Start

1. Start program
685 Sulfate AV. For
information about sample
cells, adapters or light
shields, refer to Instrumentspecific information
on page 1.
Note: Although the program
name may vary between
instruments, the program
number does not change.

2. Prepare the sample:
Collect at least 40 mL of
sample in a 50-mL beaker.
Fill the AccuVac Ampul with
sample. Keep the tip
immersed while the Ampul
fills completely.

3. Close the Ampul and
quickly invert the Ampul
several times to mix.
Undissolved powder will not
affect accuracy.
White turbidity will form if
sulfate is present.

4. Start the instrument
timer. A five-minute reaction
time starts.
Do not disturb the cell
during this time.

Zero

5. Prepare the blank: Fill
the sample cell with 10 mL
of sample.

6. When the timer expires,
clean the blank AccuVac
Ampul.

Sulfate, SulfaVer 4 Method (70 mg/L)

7. Insert the blank AccuVac
Ampul into the cell holder.

8. Push ZERO. The display
shows 0 mg/L SO42–.
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Read

9. Clean the AccuVac
Ampul.

10. Within five minutes after
the timer expires, insert the
prepared sample AccuVac
Ampul into the cell holder.

11. Push READ. Results
show in mg/L SO42–.

Interferences
Interfering substance Interference level
Barium

Interferes at all levels. The higher the barium concentration when compared to the sulfate
concentration, the higher the error. Samples with high barium concentrations will generally give a
result that is 20% lower than the actual sulfate concentration.

Calcium

More than 20,000 mg/L as CaCO3

Chloride

More than 40,000 mg/L as Cl–

Magnesium

More than 10,000 mg/L as CaCO3

Silica

More than 500 mg/L SiO2

Accuracy check
Standard additions method (sample spike)
Use the standard additions method (for applicable instruments) to validate the test
procedure, reagents and instrument and to find if there is an interference in the sample.
Items to collect:
•
•
•
•

Sulfate Ampule Standard Solution, 2500 mg/L sulfate
Ampule breaker
Pipet, TenSette®, 0.1–1.0 mL and tips
Mixing cylinders (3), 25

1. Use the test procedure to measure the concentration of the sample, then keep the
(unspiked) sample in the instrument.
2. Go to the Standard Additions option in the instrument menu.
3. Select the values for standard concentration, sample volume and spike volumes.
4. Open the standard solution.
5. Prepare three spiked samples: use the TenSette pipet to add 0.1 mL, 0.2 mL and
0.3 mL of the standard solution, respectively, to three 25-mL portions of fresh sample.
Mix well.
®

Note: For AccuVac Ampuls, add 0.2 mL, 0.4 mL and 0.6 mL of the standard solution to three
50-mL portions of fresh sample.

6. Use the test procedure to measure the concentration of each of the spiked samples.
Start with the smallest sample spike. Measure each of the spiked samples in the
instrument.
7. Select Graph to compare the expected results to the actual results.
Note: If the actual results are significantly different from the expected results, make sure that
the sample volumes and sample spikes are measured accurately. The sample volumes and

Sulfate, SulfaVer 4 Method (70 mg/L)
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sample spikes that are used should agree with the selections in the standard additions menu. If
the results are not within acceptable limits, the sample may contain an interference.

Standard solution method
Use the standard solution method to validate the test procedure, reagents and
instrument.
Items to collect:
•
•
•
•

Sulfate standard solution, 1000 mg/L
100-mL volumetric flask, Class A
7-mL volumetric pipet, Class A and pipet filler
Deionized water

1. Prepare a 70 mg/L sulfate standard solution as follows:
a. Use a pipet to add 7.0 mL of 1000 mg/L sulfate standard solution into the
volumetric flask.
b. Dilute to the mark with deionized water. Mix well. Prepare this solution daily.
2. Use the test procedure to measure the concentration of the prepared standard
solution.
3. Compare the expected result to the actual result.
Note: The factory calibration can be adjusted slightly with the standard adjust option so that the
instrument shows the expected value of the standard solution. The adjusted calibration is then
used for all test results. This adjustment can increase the test accuracy when there are slight
variations in the reagents or instruments.

Calibration
A calibration is recommended for the SulfaVer 4 method for the best accuracy. Complete
the following steps to enter a new calibration curve in the instrument. Perform this
procedure for each new lot of reagent.
Items to collect:
•
•
•
•

Sulfate standard solution, 1000 mg/L
100-mL volumetric flasks (7), Class A
1–10 mL TenSette pipet and tips
Deionized water

1. Prepare seven calibration standard solutions (10, 20, 30, 40, 50, 60 and 70 mg/L
SO42–) as follows:
a. Use a pipet to add 1, 2, 3, 4, 5, 6 and 7 mL of the 1000-mg/L sulfate standard
solution into seven different 100-mL volumetric flasks.
b. Dilute each flask to the mark with deionized water. Mix well.
2. Use the test procedure to measure the concentration of each standard solution.
3. Refer to the user manual for the instrument to enter the calibration into the instrument
as a user program.

Method performance
The method performance data that follows was derived from laboratory tests that were
measured on a spectrophotometer during ideal test conditions. Users may get different
results under different test conditions.
Program

Standard

Precision (95% Confidence Interval)

Sensitivity
Concentration change per 0.010 Abs change

680

40 mg/L SO42–

30–50 mg/L SO42–

0.4 mg/L SO42–

685

40 mg/L SO42–

32–48 mg/L SO42–

0.7 mg/L SO42–

Sulfate, SulfaVer 4 Method (70 mg/L)
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Summary of method
Sulfate ions in the sample react with barium in the SulfaVer 4 and form a precipitate of
barium sulfate. The amount of turbidity formed is proportional to the sulfate concentration.
The measurement wavelength is 450 nm for spectrophotometers or 520 nm for
colorimeters.

Pollution prevention and waste management
Reacted samples contain barium and must be disposed of as a hazardous waste.
Dispose of reacted solutions according to local, state and federal regulations.

Consumables and replacement items
Required reagents
Description

Quantity/test

Unit

Item no.

1

100/pkg

2106769

1

25/pkg

2509025

Quantity/test

Unit

Item no.

AccuVac Snapper

1

each

2405200

Beaker, 50-mL

1

each

50041H

Sample cell, 10 mL round, 25 x 54 mm

1

each

2122800

Sample cell, 10 mL round, 25 x 60 mm

1

6/pkg

2427606

Sample cell, 10 mL square, matched pair

2

2/pkg

2495402

Stoppers for 18-mm tubes and AccuVac Ampuls

2

6/pkg

173106

Unit

Item no.

500 mL

2175749

16/pkg

1425210

500 mL

2833049

Description

Unit

Item no.

Cylinder, mixing, 25-mL

each

189640

Cylinder, mixing, 50-mL

each

189641

25/pkg

2677825

each

2196800

each

1970001

50/pkg

2185696

each

1970010

50/pkg

2199796

each

1457442

®

SulfaVer 4 Reagent Powder Pillows, 10-mL
OR
®

®

SulfaVer 4 Sulfate Reagent AccuVac Ampuls

Required apparatus
Description

Recommended standards
Description
Sulfate Standard Solution, 1000-mg/L as SO4
Sulfate Standard Solution, 2500-mg/L, 10-mL Ampules as SO4
Drinking Water Standard, Mixed Parameter, Inorganic for

F -,

NO3, PO4, SO4

Optional reagents and apparatus

Blank AccuVac Ampules
®

Ampule Breaker, Voluette ampules
®

Pipet, TenSette , 0.1–1.0 mL
Pipet tips for TenSette Pipet 1970001
®

Pipet, TenSette , 1.0 to 10.0 mL
Pipet tips for TenSette Pipet 1970010
Flask, volumetric, Class A, 100-mL

Sulfate, SulfaVer 4 Method (70 mg/L)
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Method 8039

NITRATE, HR (0 to 30.0 mg/L N03- -N)

For water, wastewater and seawater*

Cadmium Reduction Method (Powder Pillows or AccuVac Ampuls)
USING POWDER PILLOWS
500nm

READ
ENTER
READ
ENTER

1. Enter the stored
program number for high
range nitrate nitrogen
(N03--N)-powder
pillows.

2. Rotate the wavelength
dial until the small display
shows:
500nm

3.

Press: READ/ENTER

The display will show:
mg/IN N03- H

Press: 3 5 5 READ/ENTER
The display will show:
DIAL nm TO 500

4.

Fill a sample cell with
25 mL of sample.

Note: For proof of accuracy,
use a JO mg/L Nitrate Nitrogen
Standard Solution (listed under
Optional Reagems) in place of
the sample.
Note: A reagent blank must be
determined 011 each new lot of
NitraVer 5. Peiform Steps 4 to
12 using deionized water as the
sample. Subtract this value from
each result obtained with this lot
of reagent.

Note: DR/2000s with software
versions 3.0 and greater will
display "P" and the program
number.
Note: lnstrume/lfs with software
versions 3.0 and greater will not
display "DIAL nm TO" message
if the wavelength is already set
correctly. The display will show
the message in Step 3. Proceed
with Step 4.
Note: If sample cannot be
analyzed immediately, see
Sampling and Storage following
these steps. Adjust the pH of
stored samples before analysis.

•

*For seawater, a manual calibration is required; see Interfrences.
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NITRATE, HR,

continued

~

~

El L1...J
5.

Add the contents of
one Nitra Ver 5 Nitrate
Reagent Powder Pillow to
the cell (the prepared
sample). Stopper.

6.

El L1...J

Press: SHIFT TIMER

Shake the cell vigorously
until the timer beeps in
one minute.

7.

When the timer beeps,
press: SHIFT TIMER

8.

Fill another sample
cell with 25 mL of sample
(the blank).

A 5-minute reaction
period will begin.

Note: A deposit of 11110.r:idi;:ed
metal will remain after tire
NitraVer 5 Nitrate Reagent
Powder dissoll'es. This deposit
11·ill lral'e 110 effect 011 test
results.

Note: An amber color will
develop if nitrate nitrogen is
presellf.

Note: Shaking time and
teclr11iq11e influence color
de\le/opment. For most accurate
results, make successil'e tests 011
a 10 mg/L Nitrate Nitrogen
Standard Sol11tio11 listed 1111der
Optional Reagems. Adjust tire
shaking time to obtain tire
correct res11lt.
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NITRATE, HR, continued

READ
ENTER

CLEAR

ZERO

9.

When the timer beeps, 10. Press: ZERO
the display will show:
mg/IN N03· H
The display will show:
WAIT
Place the blank into the
cell holder. Close the light then:
0.0 mg/I N N03· H
shield.

11. Remove the stopper.
Place the prepared sample
into the cell holder. Close
the light shield.

Note: The Pour-Thru Cell can
be used if rinsed well with
deionized water after use. Avoid
pouring any cadmium particles
into the cell.

12. Press: READ/ENTER
The display will show:
WAIT
then the result in mg/L
nitrate nitrogen (N03--N)
will be displayed.
Note: In the constalll-011 mode,
pressing READ/ENTER is not
required. WAIT will not appear.
When the display stabilizes, read
the result.
Note: The results can be
expressed as mg/l 11itrate
(N03 -) by multiplying the mgll
nitrate nitrogen (N03--N) by 4.4.
Note: Rinse the sample cell
immediately after use to remove
all cadmiwn particles.
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NITRATE, HR, continued
USING ACCUVAC AMPULS
500nm

CTJ~ITJ
-

READ
ENTER

READ
ENTER

I

1.

Enter the stored
program number for high
range nitrate nitrogen
(N03--N)-AccuVac
ampuls.

2. Rotate the wavelength
dial until the small display
shows:
500nm

3.

Press: READ/ENTER

The display will show:
mg/IN N03- H AV

Press: 3 6 1 READ/ENTER

4.

Collect at least 40 mL
of sample in a 50-mL
beaker. Fill a NitraVer 5
Nitrate AccuVac Ampul
with sample.

Note: Keep the tip immersed
while the amp11l fills complete/)'.

The display will show:
DIAL nm TO 500

Note: For proof of acc11racy,
use a JO mg/L Nitrate Nitrogen
Standard Sol11tion (listed 11nder
Optional Reagellts) in place of
the sample.

Note: DR/2000s with software
versions 3.0 and greater will
display "P" and the program
number.

Note: A reagent blank must be
determined on each new lot of
NitraVer 5. Repeat Steps 4 to
12 using deionized water as the
sample. Subtract this value from
each result obtained with this lot
of reagellt.

Note: lnstrumellts with software
versions 3.0 and greater will not
display "DIAL 11111 TO" message
if the wavelength is already set
correctly. The display will show
the message in Step 3. Proceed
with Step 4.
Note: If your instrument does
not have program n11111ber 361,
see Instrument Setup following
these steps.
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NITRATE, HR, continued

D~

DL.1.J
5.

Press: SHIFT TIMER

A one-minute mixing
period will begin. Invert
the ampul repeatedly until
the timer beeps. Wipe off
any liquid or fingerprints.
Note: Shaking time and
technique influence color
developmem. For most accurate
results, make successive tests 011
a JO mg/L Nitrate Nitrogen
Standard Solution listed under
Optional Reagents. Adjust the
shaking time to obtain the
correct result.

6.

When the timer beeps,
press: SHIFT TIMER

7.

Fill a zeroing vial with
at least 10 mL of sample
(the blank).

A 5-minute reaction
period will begin.

8.

Place the Accu Vac
Vial Adapter into the cell
holder.

Note: Place the grip tab at the
rear of the cell holder.

Note: A deposit of unoxidized
metal will remain after the
NitraVer 5 Nitrate Reagelll
Powder dissolves. this deposit
will have no effect 011 test
results.
Note: An amber color will
develop if nitrate nitrogen is
presellt.

READ
ENTER

CLEAR

ZERO

9.

When the timer beeps,
the display will show:
mg/IN N03- H AV
Place the blank into the
cell holder. close the light
shield.

10.

Press: ZERO

The display will show:
WAIT
then
0.0 mg/I N N03- H AV

11. Place the Accu Vac
ampul into the cell holder.
Close the light shield.

12.

Press: READ/ENTER

The display will show:
WAIT
then the nitrate result in
mg/L nitrate nitrogen
(N03--N) will be
displayed.
Note: The results can be
expressed as mg/L nitrate
(N03 ·1 by multiplying the mg/L
nitrate nitrogen (N03--N) by 4.4.
Note: In the constant- on mode,
pressing READ/ENTER is 1101
required. WAIT will 1101 appear.
When the display stabilizes, read
the result.
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NITRATE, HR, continued
INSTRUMENT SETUP

4. Within 3 seconds, press:

For a DR/2000 with software versions 1.27 or 1.265,
enter the following calibration as an
operator-programmed calibration for high range
nitrate nitrogen AccuVac ampuls (method 361).
Follow steps in the Operation section of the instrument
manual. Store the method as follows:

~
w
B

The display will show:
ENTERnm

nm= 500
Decimal = 000.0
Units = mg/I
Symbol = N03-N
Timer l = 01:00
Timer 2 = 05:00

If the display returns to the METHOD prompt, repeat
the sequence.

5. Press:

At first, enter the calibration with 0.000 absorbance
values for zero and standards #1-4. To do this, do not
place anything in the sample compartment. Begin by
storing zero, # l standard, #2 standard, #3 standard and
#4 standard as concentrations of 0, 6.0, 12.5, 20.0 and
35.0, respectively, with nothing in the sample
compartment. Accept 0.000 Abs. as the value for all
standards. Next, the values for the standards must be
changed to the values given below.

Standard
0
l

2
3
4

Concentration
0
6.0
12.5
20.0
35.0

~~

DECIMAL? 00.00
6. Use the arrow keys to correctly position the
decimal point. For this method, press the right/down
arrow key once. The display will show:
DECIMAL? 000.0

Absorbance
0.000
0.125
0.250
0.375
0.563

7. When the decimal point is correctly positioned,
press: READ/ENTER. The display will show:
UNITS?
8. Use the arrow keys to select the appropriate unit of
measure. For this method, press the right/down arrow
key twice. The display will show:
mg/I
9. With the proper unit of measure displayed, press
READ/ENTER. The display will show:
SYMBOL?

For a DR/2000 with software version 2.0 and 2.2,
enter the calibration as an update to Hach-stored
programs. (Stored program number 360 has been
replaced with number 361.)

2. Press:

rn

If you make an error, press SHIFT CLEAR and
re-enter the number. When the number is correct,
press READ/ENTER. The display will show:

The method is now stored as an operator-programmed
method with a method number between 950 and 999.
Record the method number for future reference.

1. Press:

CONFIG

METH

rn

10. Use the arrow keys to construct the correct
symbol display. For this method, press the right/down
arrow key repeatedly until you see:
mg/In

E1

11. Press SHIFT to make the "n" uppercase. The
display will show:
mg/IN

SHIFT

CONFIG

METH

12. Press the READ/ENTER key to accept the capital
" N."

13. Using the arrow keys, continue to construct the
display:
mg/IN N03- H AV
The space is the "character" displayed after one press
of the right/down arrow key. To enter subscript 3,
press the number 3 key. It will enter as a subscript.
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NITRATE, HR, continued
14. When the last character of the symbol is accepted
with the READ/ENTER key, the display will show:
TIMER?

The final number is a check value which is used to
determine if the data sequence was correctly entered.
If an error is made during number entry, the display
will return to the prompt for data number I and the
entire sequence must be re-entered. If all numbers are
correctly entered, the display will return to the method
prompt and is ready for use:
METHOD#?

15. There are two timers for this method, so press
SHIFT TIMER. The display will show:
MM:SS TIME 1?
16. To enter the first timer value of I :00 minute,
press:

23. Once the new method 361 has been successfully
entered, block access to the now obsolete method 360.
Press: S
CON FIG

El
HIFT

METH

The display will then read:
01:00 TIME 1 ?

17. Press READ/ENTER to accept the timer value.
The display will show:
MM:SS TIME 2 ?

Within 3 seconds press:

El 11· I~~-~-N;-~""'

18. To enter the second timer value of 5:00 minutes,
press:

The display will show:
800 CONFIGURE
The display will then read:
05:00 TIME 2 ?

Press READ/ENTER three times to return to:
METHOD#?

19. Press READ/ENTER to accept the timer value.

Access to method 360 is blocked. Method 361 is now
a stored method.

20. The display will then read:
MM:SS TIME 3 ?

SAMPLING AND STORAGE
Collect samples in clean plastic or glass bottles. Store
at 4 °C (39 °F) or lower if the sample is to be analyzed
within 24 to 48 hours. Warm to room temperature
before running the test. For longer storage periods, up
to 14 days, adjust sample pH to 2 or less with sulfuric
acid, ACS, (about 2 mL per liter). Sample
refrigeration is still required.

21. Press READ/ENTER to complete the timer entry.
The display will show:
# 1 Data
0

22. Enter the following 12 numbers as shown.
Complete each number entry by pressing
READ/ENTER.
# 1 Data
# 2 Data
# 3 Data
#4 Data
# 5 Data
#6 Data
#7 Data
#8 Data
#9 Data
# 10 Data
# 11 Data
Checksum

Before testing the stored sample, warm to room
temperature. Neutralize the sample with 5.0 N
Sodium Hydroxide Standard Solution.

0
15425
20324
25855
65535
65535
65535
65535
65535
8192
512
60769

Do not use mercury compounds as preservatives.
Correct test results for volume additions; see Sampling
and Storage, Volume Additions, (Section I) for more
information.
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NITRATE, HR, continued
ACCURACY CHECK
Standard Additions Method

Compensate for nitrite interference as follows:

INTERFERENCES

a) Snap the neck off a fresh High Range Nitrate
Nitrogen Voluette Ampule Standard, 500 mg/L
N03--N.

a) Add Bromine Water, 30 g/L, drop-wise to the
sample in Step 4 until a yellow color remains.

b) Use the TenSette Pipet to add 0.1, 0.2, and 0.3 mL
of standard to three 25-mL samples. Mix each
thoroughly. (For Accu Vac ampuls, use 50-mL
beakers.)

b) Add one drop of Phenol Solution, 30 g/L, to destroy
the color.
c) Proceed with Step 4. Report results as total nitrate
and nitrite.

c) Analyze each sample as described above. The
nitrogen concentratior should increase 2.0 mg/L for
each 0.1 mL of standard added.

Strong oxidizing and reducing substances will
interfere. Ferric iron causes high results and must be
absent. Chloride concentrations above l 00 mg/L will
cause low results. The test may be used at high
chloride levels (i.e., seawater), but a calibration must
be performed using standards spiked to the same
chloride concentration. See User Stored Programs in
the DR/2000 Instrument Manual for more information.

d) If these increases do not occur, see Standard
Additions (Section I) for more information.

Standard Solution Method
Use a 10.0 mg/L Nitrate Nitrogen Standard Solution
listed under Optional Reagents to check test accuracy.
Or, this can be prepared by diluting 1.00 mL of
solution from a High Range Nitrate Nitrogen Voluette
Ampule Standard Solution, 500 mg/L NOf-N, to 50.0
mL with deionized water.

Highly buffered samples or extreme sample pH may
exceed the buffering capacity of the reagents and
require sample pretreatment; see Interferences, pH
(Section I).

PRECISION

SUMMARY OF METHOD

In a single laboratory, using standard solutions of
20.0 mg/L nitrate nitrogen (NOf-N) and two
representative lots of reagent with the DR/2000, a
single operator obtained a standard deviation of ±0.8
mg/L nitrate nitrogen.

Cadmium metal reduces nitrates present in the sample
to nitrite. The nitrite ion reacts in an acidic medium
with sulfanilic acid to form an intermediate diazonium
salt. This salt couples to gentisic acid to form an
amber-colored product. Nitrate can be determined
directly using the Nitrate Ion Selective Electrode
(Cat. No. 44560-71 ).

Using standard solutions of 30.0 mg/L (N03--N) and
one representative lot of AccuVac ampuls with the
DR/2000, a single operator obtained a standard
deviation of ±2.3 mg/L nitrate nitrogen.

REQUIRED REAGENTS (Using Powder Pillows)
Quantity Required
Per Test

Description

Units

Cat. No.

NitraVer 5 Nitrate Reagent Powder Pillows ... .. ........ 1 pillow ..... . .... . 50/pkg . . . . . . . . 14034-66

REQUIRED REAGENTS (Using AccuVac Ampuls)
NitraVer 5 Nitrate Reagent AccuVac Ampul ............. 1 ampul ..... . ..... 25/pkg .. .. .... 25110-25

REQUIRED APPARATUS (Using Powder Pillows)
Clippers, for opening powder pillows .................. 1
Stopper, rubber, size 2 .................... . ........ . 1

each . . . . . . . . . . . . 968-00
12/pkg . . . . . . . . . 2118-02

REQUIRED APPARATUS (Using AccuVac Ampuls)
Adapter, Accu Vac Vial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Beaker, 50 mL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Zeroing Vial . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
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each . . . . . . . . . . 43784-00
each . . . . . . . . . . . . 500-41
each . . . . . . . . . . 21228-00
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NITRATE, HR, continued
OPTIONAL REAGENTS
Bromine Water, 30 g/L .................................................
Nitrate Nitrogen standard Solution, 10 mg/L N03--N .........................
Nitrate Nitrogen Standard Solution, Voluette Ampule, 500 mg/L (N03--N), 10 mL .
Phenol Solution, 30 g/L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sodium Hydroxide Standard Solution, 5.0 N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sulfuric Acid, ACS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Water, deionized ......................................................

29 mL* ..... . .. 2211-20
500 mL ......... 307-49
16/pkg . . ...... 14260-10
29 mL . . . . . . . . . 2112-20
59 mL * . . . . . . . . 2450-26
500 mL * . . . . . . . . 979-49
3.78 L .. .. ..... . 272-17

OPTIONAL APPARATUS
AccuVac Snapper Kit .......... ..... ...... ..... ........................
Ampule Breaker Kit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Cylinder, graduated, 25 mL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Dropper, for 1-oz bottle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
pH Indicator Paper, l to 11 pH ..................................... . ....
Pipet, serological, 2 mL . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . .
Pi pet, TenSette, 0.1 to 1.0 mL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Pipet Tips, for 19700-01 TenSette Pipet ...................................
Pipet, volumetric, 1.0 mL, Class A .......................................
Pipet Filler, safety bulb ............................... .. ...............
Pour-Thru Cell Assembly Kit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sample Cells, I-inch, polystyrene, disposable . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

each . ......... 24052-00
each . . . . . . . . . . 21968-00
each . . . . . . . . . . . 1081-40
each . . . . . . . . . . . 2258-00
5 rolls/pkg ....... 391-33
each . . . . . . . . . . . . 532-36
each . . . . . . . . . . 19700-01
50/pkg ........ 21856-96
each . . . . . . . . . . 14515-35
each . . . . . . . . . . 14651-00
each . . . . . . . . . . 45215-00
12/pkg . . . . . . . . 24102-12

For additional ordering information, see final section.
In the U.S.A. call 800-227-4224 to place an order.

*Contact Hach for larger sizes
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APPENDIX E – EAI Primary NELAC Accreditation
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APPENDIX F – Jar Test Raw Data

180

Jar Test Run Data: M Resin

181

Jar Test Run Data: FO Resin
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Jar Test Kinetics Data: M Resin

183

Jar Test Kinetics Data: FO Resin

184

Phosphate Adsorption Change in Slope (%/hr): FO and M Resin

Phosphate Adsorption Change in Slope (mg/L*hr): FO and M Resin

Phosphate Loading (mg PO4/g resin): FO and M Resin

185

Dixon-Q Outlier Test for 40.3% Phosphate Recovery Data Point: FO Resin
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Dixon-Q Outlier Test for Data from Phosphate Standards: FO and M Resins
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APPENDIX G – Regeneration Raw Data

188

Regeneration Run Data: M Resin
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Regeneration Run Data: FO Resin

191

192

Regeneration Phosphate Standards Data: M Resin

193

Regeneration Phosphate Standards Data: FO Resin
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Regeneration Kinetics Data: M Resin
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Regeneration Kinetics Data: FO Resin
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Sulfate Test Data: FO Resin Only
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APPENDIX H – Eastern Analytical Inc. Raw Data
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Eastern Analytical Results: M Resin with Sodium Chloride
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Eastern Analytical Results: FO Resin with Sodium Chloride
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Eastern Analytical Results: M Resin with Combined Sodium Chloride and Sodium Hydroxide
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Eastern Analytical Results: FO Resin with Combined Sodium Chloride and Sodium Hydroxide
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Eastern Analytical Results: M Resin with Sodium Hydroxide
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Eastern Analytical Results: FO Resin with Sodium Hydroxide
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210

Eastern Analytical Results: M Resin with Potassium Hydroxide

211
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Eastern Analytical Results: FO Resin with Potassium Hydroxide

213

214

APPENDIX I – JMP Pro 11 Supplementary Data

215

Comparison of Four Viable Regenerant Solution Runs

Oneway Analysis of % Desorbed Phosphate for FO Resin: Connecting Letters Report and Ordered
Differences Report

Oneway Analysis of % Desorbed Phosphate for M Resin: Connecting Letters Report and Ordered
Differences Report

216

Orthophosphate-P Comparison

Oneway Analysis of mg/L Orthophosphate-P for FO Resin: Connecting Letters Report and Ordered
Differences Report

217

Oneway Analysis of mg/L Orthophosphate-P for M Resin: Connecting Letters Report and Ordered
Differences Report

Explanation of Connecting Letters Report and Ordered Differences Report:
The connecting letters report gives a letter to each of the regenerant solutions. The regenerant
solutions that are assigned the same letter are not significantly different and the ones that are assigned
a different letter are considered significantly different. The ordered differences report compares all pairs
of regenerant solutions and lists p-values for these regenerant pairs. If the p-values are less than 0.05
than the pair of regenerant solutions are considered significantly different, but if the p-value is greater
than 0.05 the pair of regenerant solutions are not considered significantly different.
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APPENDIX J – SimaPro Supplementary Data
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SimaPro Inventory Calculations: Flag Hill

220

221

222

SimaPro Inventory Calculations: Tendercrop
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224

225

SimaPro Assumptions/Limitations: Flag Hill and Tendercrop

Phosphate Adsorption
1. Anionic resin
a. These calculations are based on the Lewatit FO36 resin because it performed the best at
adsorbing and desorbing phosphate.
b. The amount of resin is dependent upon the phosphate levels at the Newmarket
Wastewater Treatment Plant, the average phosphate loading rate onto the resin, and
the average percent phosphate desorption from the resin.
2. Electricity, at eGrid, NEWE
a. The mixer is assumed to be the same PB-700 Phipps & Bird six-paddle jar tester that was
used in the bench scale experiments in the lab.
b. A power factor of one is assumed in order to determine the kilowatts used to operate
the jar tester.
c. The electricity is dependent upon the run time of the mixer, volt-amps of the mixer,
type of circuit, and volume of the regenerant produced.
Phosphate Desorption
3. Tap water
a. Tap water is assumed to be used for regeneration with potassium hydroxide.
4. Potassium hydroxide
a. Potassium hydroxide is used instead of the other three regenerant solutions in this
research because it desorbed phosphate well and it is more preferable to apply to land
than sodium hydroxide.
b. Potassium hydroxide is assumed to be applied at a concentration of one mole per liter in
the regenerant solution.
5. Electricity, at eGrid, NEWE
a. The pump is assumed to be the same Watson-Marlow 505Di pump that was used in the
bench scale experiments in the lab.
b. A power factor of one is assumed in order to determine the kilowatts used to operate
the peristaltic pump.
c. The electricity is dependent upon run time of pump, volt-amps of the pump, type of
circuit, and volume of regenerant produced.
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Fertilizer Application
6. Transport, single unit truck, gasoline powered/US (Prevented)
a. Truck transport of potassium sulfate to Hampton Falls is assumed to be prevented when
the spent regenerant solution is used as a fertilizer.
b. The gasoline powered truck that Nick uses to pick up fertilizer at Dodge’s Agway in
Hampton Falls, New Hampshire is assumed to be the same mode of transportation for
the transport of fertilizer from the production location in Milton, Vermont to the store
location in Hampton Falls, New Hampshire.
c. Flag Hill sometimes has the fertilizer delivered instead so distances may vary.
7. Transport, single unit truck, diesel powered/US (Prevented)
a. Truck transport of potassium sulfate to Tendercrop Farm is assumed to be prevented
when the spent regenerant solution is used as a fertilizer.
b. The potassium sulfate for Tendercrop Farm is assumed to come from the Crop
Production Services location in South Deerfield, Massachusetts. It is known that Crop
Production Services is the manufacturer, but the location was only specified as “western
Massachusetts.”
8. Transport, single unit truck, gasoline powered/US
a. The transport distance of the spent regenerant from the Newmarket Wastewater
Treatment Plant to Flag Hill is dependent on the location of both the farm and
wastewater treatment plant.
b. The tonnage transported depends on the eluted volume of spent regenerant.
9. Transport, single unit truck, diesel powered/US
a. The transport distance of the spent regenerant from the Newmarket Wastewater
Treatment Plant to Tendercrop is dependent on the location of both the farm and
wastewater treatment plant.
b. The tonnage transported depends on the eluted volume of spent regenerant.
10. Tractor, 4-wheel, agricultural
a. The John Deere tractors at Flag Hill and Tendercrop Farm are both assumed to be two
wheel drive tractors without rollover protection structure. The type of tractor affects
the weight of the tractor.
b. The SimaPro lifespan estimate of 7000 hours is assumed to be correct for both of the
John Deere tractors.
c. The fuel use of the John Deere tractors is assumed to be 3.4 and 4.4 gallons per hour for
the 2355 and 5520N tractors, respectively (TractorData LLC, 2014; TractorData LLC,
2014).
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d. The density of diesel is assumed to be 7.05 pounds per US gallon at 60 degrees
Fahrenheit (The Senate Interim Committee on Natural Resources, 2002).
e. Fertilizer is assumed to be equally distributed on the land as it is applied.
11. Diesel (Flag Hill)
a. The amount of diesel used at Flag Hill is dependent upon tractor speed, tractor model,
density and temperature of fuel, and application process.
b. The amount of diesel is also dependent upon the current fertilizer practices at the farm.
Currently, 952.5 pounds of potassium sulfate is needed for the entire farm and
potassium makes up 50 percent of the potassium sulfate.
c. The fuel use of the tractor is assumed to be 4.4 gallons per hour (TractorData LLC, 2014).
d. The density of diesel is assumed to be 7.05 pounds per US gallon at 60 degrees
Fahrenheit (The Senate Interim Committee on Natural Resources, 2002).
12. Diesel (Tendercrop)
a. “One day of work” is assumed to mean “12 hours” of work.
b. The amount of diesel used at Tendercrop is dependent upon tractor speed, tractor
model, density and temperature of fuel, and application process.
c. The amount of diesel is also dependent upon the current fertilizer practices at the farm.
Currently, 907 pounds of potassium sulfate is needed for the entire farm and potassium
is assumed to make up 50 percent of the potassium sulfate.
d. The fuel use of the tractor is assumed to be 3.4 gallons per hour (TractorData LLC, 2014).
e. The density of diesel is assumed to be 7.05 pounds per US gallon at 60 degrees
Fahrenheit (The Senate Interim Committee on Natural Resources, 2002).
Other
13. Phosphate rock, as P2O5 (Prevented)
a. One kilogram of phosphorus is assumed to be prevented from being produced from
phosphate rock for both Tendercrop and Flag Hill for every one kilogram of phosphorus
that is produced in the ion exchange process. However, these farms do not need to add
phosphorus to the fields every year.
14. Potassium sulfate, as K2O (Prevented)
a. Potassium sulfate is assumed to be prevented from being produced when the spent
regenerant solution is used as a fertilizer.
b. Potassium sulfate is assumed to be currently used as the source of potassium for
Tendercrop Farm and the assumption is made that for every pound of fertilizer, 50
percent of it is potassium.
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c. Every year the nutrient needs change at both Tendercrop and Flag Hill, so the amount of
required potassium will likely change.
15. Inputs that are unavailable in SimaPro and thus excluded in the inventory include:
a. Jar tester and peristaltic pump
16. Inputs that are purposely left out of the inventory include:
a. High density polyethylene ion exchange columns
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